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INTRODUCTION 

Loss  of  cell  growth  regulation  is  a  characteristic  of  cancer  cells.  To  achieve  our  goal  of 
designing  therapies  for  cancer,  we  must  understand  how  cancer  proteins  affect  cell  growth.  The 
aim  of  this  proposal  is  to  address  this  question  for  the  cancer  related  proteins,  p53  and  c-Abl. 
Specifically,  we  have  proposed: 

3.  To  define  the  domains  on  p53  required  for  c-Abl  binding 

2.  To  examine  the  effect  of  c-Abl  on  the  DNA-binding  activity  of  p53 

3.  To  characterize  the  effect  of  c-Abl  on  p53-dependent  transcription  in  vitro 

4.  To  determine  the  effect  of  Gal4-Abl  on  transcription  from  a  promoter  containing  Gal4  sites 

5 .  To  examine  whether  general  transcription  factors  are  phosphorylated  by  c-Abl 

BACKGROUND  AND  PREVIOUS  WORK 

p53  is  an  important  tumor  suppressor  gene,  mutated,  or  absent,  in  over  50%  of  all  cancers 
studied.  It  functions  as  a  sequence-specific  DNA-binding  transcription  factor.  In  response  to 
double-stranded  DNA  breaks  p53  is  converted  from  a  latent  to  an  active  form.  This  results  in 
increased  expression  of  p53-responsive  proteins  such  as  p21  which  are  required  for  growth  arrest 
at  the  G1  to  S  phase  transition.  It  also  mediates  apoptosis  via  the  increased  expression  of  proteins 
such  as  Bax.  Inactivation  of  p53,  therefore,  results  in  the  loss  of  a  cell  cycle  checkpoint  required 
for  repair  of  damaged  DNA  and  prevents  apoptosis  in  response  to  severe  DNA  damage.  In  the 
absence  of  these  responses  oncogenic  mutations  can  accumulate  which  may  result  in  tumor 
progression. 

Based  on  the  G1  arrest  phenotype  of  p53,  we  reasoned  that  p53  transcriptional  activity  must 
be  affected  by  the  cell  cycle  proteins  which  regulate  Gl.  c-Abl  has  been  reported  to  be  a  growth 
suppressor  and  overexpression  of  c-Abl  leads  to  Gl  growth  arrest  in  fibroblasts.  The  c-Abl  protein 
is  a  predominantly  nuclear  tyrosine  kinase.  The  kinase  activity  of  c-Abl  is  tightly  regulated  in  vivo, 
possibly  by  binding  to  unidentified  inhibitory  proteins,  and  is  required  for  c-Abl  to  suppress 
growth.  T  inks  between  the  c-Abl  proto-oncogene  and  cell  cycle  suggest  that  c-Abl  normally  acts  as 
a  negative  regulator  of  cell  growth  and  that  it  may  function  through  p53.  The  availability  of  mouse 
fibroblasts  containing  disruptions  of  the  Rb  or  p53  genes  allowed  us  to  genetically  test  this 
possibility.  Our  results  show  that  c-Abl  requires  p53  but  not  Rb  to  suppress  growth.  In  addition, 
we  also  find  that  c-Abl  binds  to  p53  in  vitro  and  enhances  the  ability  of  p53  to  activate  transcription 
from  a  promoter  containing  a  p53  DNA  binding  site  in  a  transient  transfection  assay.  Deletion  of 
the  p53  binding  domain  in  c-Abl  (AProl,  a  deletion  of  proline  rich  domain,  aa  793-1044)  impairs 
the  ability  of  c-Abl  to  stimulate  p53  transcriptional  activity  and  to  suppress  growth.  These  results 
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suggest  that  the  regulation  of  p53  transcription  is  very  important  in  negative  growth  control  by  c- 
Abl.  Therefore,  a  detailed  understanding  of  how  c-Abl  stimulates  p53-dependent  transcription  may 
allow  the  rational  design  of  therapies  which  can  reactivate  the  Abl-p53  pathway  in  tumor  cells, 
resulting  in  cell  cycle  arrest  and  apoptosis  of  tumor  cells. 

Towards  this  end,  during  the  first  year  of  the  grant  (7/96  to  6/97),  we  constructed  a  set  of 
deletions  to  disrupt  the  domains  of  p53  responsible  for  nuclear  localization  (aa  316  to  322), 
tetramerization  (aa  325  to  356)  and  the  regulation  of  the  DNA  binding  activity  of  p53  (aa  363  to 
393).  Furthermore,  the  ability  of  these  mutants  to  interact  with  c-Abl  was  also  tested  using  a  GST 
pull-down  assay.  Our  results  show  that  deletion  of  last  30  amino  acids  in  p53  severely  disrupted  its 
ability  to  bind  to  c-Abl  and  deletion  of  the  tetramerization  domain  also  greatly  reduced  the  binding 
to  c-Abl.  Based  on  these  results,  we  propose  a  model  in  which  c-Abl  interacts  with  the  regulatory 
domain  (aa  363  to  393)  in  p53  to  diminish  its  negative  regulatory  effect  and  to  enhance  the  DNA 
binding  activity  of  p53.  This  interaction,  however,  requires  the  tetrameric  conformation  of  the 
protein.  To  test  this  requirement,  ability  of  a  mutant  p53  (341K344E348E355K,  tetramerization 
impaired)  to  interact  with  c-Abl  was  investigated.  Our  results  show  this  mutant  is  defective  in  c-Abl 
interaction.  These  data  led  us  to  focus  our  studies  on  c-Abl’ s  ability  to  enhance  the  DNA  binding 
activity  of  p53. 

During  the  second  year  of  the  grant  (7/98  to  6/99),  we  expressed  c-Abl  with  baculovirus 
system  and  showed  that  partially  purified  c-Abl  stimulates  p53  DNA-binding  activity.  In  order  to 
test  our  model  that  c-Abl  interacts  with  the  negative  regulatory  domain  to  enhance  the  DNA  binding 
activity  of  p53,  highly  purified  c-Abl  was  required.  To  overcome  this  problem,  a  GST-Abl 
baculovirus  was  employed  and  a  large  amount  of  purified  protein  was  obtained. 

RESULTS 

In  current  budget  year  (7/98  to  6/99),  we  have  obtained  following  results: 

c-Abl  stimulates  p53’s  DNA-binding  ability  bv  decreasing  off-rate  of  the  complex.  The  carboxy 
terminus  of  p53  is  a  target  of  variety  of  signals  for  regulation  of  p53  DNA-binding  activity. 
Growth  suppressor  c-Abl  has  been  shown  to  interact  with  p53  in  response  to  DNA  damage  and 
over-expression  of  c-Abl  leads  to  G1  growth  arrest  in  a  p53-dependent  manner.  In  past  budget 
year,  we  showed  that  c-Abl  binds  directly  to  the  carboxyl  terminus  of  p53  and  this  interaction 
requires  a  tetrameric  conformation  of  p53.  In  this  budget  year,  we  have  obtained  highly  purified 
c-Abl  protein  via  a  baculovirus  expression  system  and  shown  that  c-Abl  stimulates  dramatically 
p53’s  DNA-binding  activity  in  EMSA  assay  (please  see  Figure  3  from  enclosed  ms  by  Nie  et 
al.).  In  addition,  we  have  studied  mechanisms  for  c-Abl  activation  and  shown  that  c-Abl 
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stimulates  p53’s  DNA-binding  activity  by  decreasing  off-rate  of  the  p53-DNA  complex  (please 
see  Figure  5  from  enclosed  ms  by  Nie  et  al.). 

c-Abl  stimulates  p53’s  DNA-binding  activity  in  a  kinase-independent  manner.  To  study  whether 
c-Abl’s  kinase  activity  is  involved,  we  found  that  addition  of  a  non-hydrolyzable  ATP  analog, 
does  not  prevent  c-Abl  from  stimulating  p53’s  DNA-binding  in  EMSA  (please  see  Figure  4  from 
enclosed  ms  by  Nie  et  al.).  Consistent  with  this,  a  kinase  inactive  c-Abl  mutant,  K(290)R,  was 
also  shown  to  be  able  to  activate  p53-mediated  transcription  like  wt  c-Abl.  Together,  our  data 
showed  that  the  c-Abl  stimulation  does  not  require  its  tyrosine  kinase  activity,  suggesting  a  novel 
function  of  c-Abl. 

Stimulation  of  p53 -mediated  transcription  bv  c-Abl  requires  carboxvl  terminus  of  p53.  If  the 
activation  of  p53’s  DNA-binding  by  c-Abl  via  carboxyl  terminus  has  functional  importance  we 
reasoned  that  c-Abl  should  affect  p53  transcription  activity  via  carboxyl  terminus.  We  tested  this 
hypothesis  by  examining  the  effect  of  c-Abl  on  transcription  mediated  by  either  p53  or  a  carboxyl 
terminal  mutant  p53,  A363.  Our  results  show  that  c-Abl  enhances  the  transcriptional  activity  of 
p53,  but  not  A363  (please  see  Figure  6  from  enclosed  ms  by  Nie  et  al.).  These  finding  show  a 
correlation  between  activation  of  p53  transcription  by  c-Abl  and  ability  to  stimulate  p53’s  DNA- 
binding. 


CONCLUSIONS 

The  finding  that  c-Abl  stimulates  p53’s  DNA-binding  via  the  negative  regulatory  domain  may 
provide  important  clues  about  the  regulation  of  p53.  It  has  been  suggested  by  other  investigators 
that  peptides  designed  to  interact  with  this  region  can  be  used  to  reactivate  p53  pathway  in  tumor 
cells  to  cause  cell  cycle  arrest.  In  spite  of  the  significance  of  this  region,  however,  no  growth 
regulatory  protein  has  been  shown  to  function  directly  via  this  region.  In  the  this  study,  we  present 
results  that  clearly  indicate  a  link  between  the  growth  suppressor  c-Abl  and  p53  transcription 
regulation,  and  importantly,  provide  an  example  of  activation  of  p53  DNA-binding  activity  via  the 
carboxyl  terminal  regulatory  domain  by  a  cell-cycle  protein. 
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APPENDED  TO  THE  SUMMARY 
Research  Accomplishments: 

•  c-Abl  stimulates  p53’s  DNA-binding  ability  by  decreasing  off-rate  of  the  complex 

•  c-Abl  stimulates  p53’s  DNA-binding  activity  in  a  kinase-independent  manner 

•  Stimulation  of  p53-mediated  transcription  by  c-Abl  requires  carboxyl  terminus  of  p53 
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ABSTRACT 

The  carboxyl  terminus  of  p53  is  a  target  of  a  variety  of  signals  for  regulation  of  p53  DNA-binding. 
Growth  suppressor  c-Abl  interacts  with  p53  in  response  to  DNA  damage  and  over-expression  of  c- 
Abl  leads  to  G1  growth  arrest  in  a  p53-dependent  manner.  Here,  we  show  that  c-Abl  binds  directly 
to  the  carboxyl  terminal  regulatory  domain  of  p53  and  that  this  interaction  requires  tetramerization 
of  p53.  Importantly,  we  demonstrate  that  c-Abl  stimulates  the  DNA-binding  activity  of  wild-type 
p53  but  not  of  a  carboxyl-terminally  truncated  p53  (p53A363C),  and  furthermore,  a  deletion 
mutant  of  c-Abl  that  does  not  bind  to  p53  is  also  incapable  of  activating  p53  DNA-binding, 
suggesting  that  the  binding  to  the  p53  carboxyl  terminus  is  necessary  for  c-Abl  stimulation.  To 
investigate  the  mechanism  for  this  activation,  we  have  also  shown  that  c-Abl  stabilizes  the  p53- 
DNA  complex.  Interestingly,  the  stimulation  of  p53  DNA-binding  by  c-Abl  does  not  require  its 
tyrosine  kinase  activity,  indicating  a  new  function  for  c-Abl.  Together,  these  observations  provide 
evidence  for  a  role  of  c-Abl  as  a  growth  suppressor  protein  in  activation  of  p53  DNA-binding  via 
the  carboxyl  terminal  regulatory  domain  and  tetramerization. 
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INTRODUCTION 

p53  exerts  its  tumor  suppression  function  by  inducing  growth  arrest  and  apoptosis  (Ko  and 
Prives  1996;  Levine  1997).  The  biochemical  activity  of  p53  that  is  required  for  this  relies  on  its 
ability  to  bind  to  specific  DNA  sequences  and  to  function  as  a  transcription  factor  (Pietenpol  et  al. 
1994).  The  importance  of  the  activation  of  transcription  by  p53  is  underscored  by  the  fact  that  the 
majority  of  p53  mutations  found  in  tumors  are  located  within  the  domain  required  for  sequence- 
specific  DNA  binding  (Ko  and  Prives  1996;  Levine  1997).  Therefore,  it  is  clear  that  this  activity  is 
critical  to  the  role  of  p53  in  tumor  suppression. 

A  contiguous  stretch  of  30  amino  acid  residues  at  the  carboxyl  terminus  of  p53  (C- 
terminus;  amino  acid  363  to  393)  constitutes  a  domain  required  for  regulation  of  p53  DNA- 
binding.  Interference  with  this  domain  by  modification,  including  phosphorylation  (Hupp  et  al. 
1992,  for  review  see  Prives  1998)  and  acetylation  (Gu  and  Roeder  1997;  Liu  et  al.  1999),  or  by 
deletion  (Hupp  et  al.  1992)  has  been  shown  to  enhance  p53  DNA-binding  activity.  Moreover, 
several  proteins,  including  Ref-1  (Jayaraman  et  al.  1997)  and  14-3-3  (Waterman  et  al,  1998),  have 
been  shown  to  bind  to  this  region  of  p53  and  enhance  the  DNA  binding  activity  of  p53.  These 
studies  defined  the  C-terminal  domain  as  a  negative  regulatory  domain  which  normally  results  in  a 
latent,  low-affinity  DNA-binding  form  of  p53.  Therefore,  it  follows  that,  upon  DNA  damage, 
signals  which  regulate  cell  growth  may  also  function  through  this  domain  to  stimulate  p53  DNA- 
binding. 

Recently,  the  c-Abl  tyrosine  kinase  has  been  shown  to  interact  with  p53  in  response  to 
DNA  damage  (Yuan  et  al.  1996a;  1996b;  Kharbanda  et  al,  1998)  and  over-expression  of  c-Abl 
leads  to  G1  growth  arrest  in  a  p53-dependent  manner  (Goga  et  al.  1995).  In  addition,  c-Abl  was 
also  found  to  enhance  the  ability  of  p53  to  activate  transcription  from  a  promoter  containing  a  p53 
DNA-binding  site  in  transient  transfection  assays  (Goga  et  al.  1995)  and  to  stimulate  the 
expression  of  p21  (Yuan  et  al.  1996b).  Deletion  of  the  p53  binding  domain  in  c-Abl  (AProl,  a 
deletion  of  a  proline  rich  domain,  amino  acid  793-1044)  impairs  the  ability  of  c-Abl  to  stimulate 
p53  transcriptional  activity  and  to  suppress  growth  (Goga  et  al.  1995).  These  results  suggest  that 
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the  p53-Abl  interaction  plays  an  important  role  in  regulation  of  p53-mediated  transcription  and 
growth  suppression.  It  is  important  to  note,  however,  that  a  kinase-inactive  form  of  c-Abl  [c- 
Abl(K-R)],  which  is  defective  in  its  ability  to  suppress  growth,  was  also  found  to  enhance  the 
ability  of  p53  to  activate  transcription  (Goga  et  al.  1995;  Yuan  et  al.  1996b),  suggesting  that  the 
tyrosine  kinase  activity  of  c-Abl  is  required  for  growth  suppression  but  not  for  transcriptional 
activation.  These  data  argue  that  c-Abl  may  stimulate  p53-dependent  transcription  in  a  kinase- 
independent  manner.  Consequently,  a  detailed  understanding  of  how  c-Abl  stimulates  p53- 
dependent  transcription  is  of  significance. 

In  the  present  study,  we  show  that  c-Abl  binds  directly  to  the  C-terminus  of  p53  and  this 
interaction  requires  a  tetrameric  conformation  of  p53.  Furthermore  we  demonstrate  that  c-Abl 
significantly  stimulates  the  DNA-binding  of  p53  but  not  of  a  C-terminally  truncated  form  of  p53 
(p53A363C),  suggesting  that  the  interaction  with  the  p53  C-terminus  is  necessary  for  c-Abl 
stimulation.  To  determine  the  mechanism  for  this  activation,  we  have  shown  that  c-Abl  stabilizes 
the  p53-DNA  complex.  As  discussed  above,  the  tyrosine  kinase  activity  of  c-Abl  is  not  required 
for  p53  transcriptional  activation.  Consistent  with  this,  we  show  that  the  stimulation  of  p53  DNA- 
binding  by  c-Abl  does  not  require  its  tyrosine  kinase  activity,  indicating  a  novel  function  of  c-Abl. 
Together,  these  observations  indicate  a  mechanism  of  activation  via  the  p53  C-terminal  regulatory 
domain  by  the  growth  suppressor  protein  c-Abl. 
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MATERIALS  AND  METHODS 

Plasmid  construction 

The  p53A292  deletion  mutant  was  constructed  by  PCR  amplification  of  amino  acid  1-292 
of  p53  from  pcDNA-p53  (Liu  et  al.  1993),  using  primers  that  introduce  Hind  III  sites  at  both  5’ 
and  3'  ends.  The  amplified  DNA  fragments  were  then  cloned  into  the  Hind  HI  site  of  pcDNA.A 
(Invitrogen).  The  p53A363  deletion  mutant  was  constructed  by  PCR  amplification  of  amino  acid  1- 
363  of  p53  from  pcDNA-p53,  using  primers  that  introduce  a  Hind  HI  site  at  the  5’  end,  and  an  Eco 
RI  site  and  stop  codon  at  the  3’  end.  The  amplified  DNA  fragments  were  then  cloned  into  the  Hind 
El  and  Eco  RI  sites  of  pcDNA.  The  internal  deletion  mutants  of  p53,  p53A325-356  and  p53A3  lb- 
322,  were  generated  from  pcDNA-p53  by  PCR  using  a  pair  of  inverted  primers  that  would  delete 
the  base  pairs  coding  for  the  corresponding  amino  acids.  PCR  products  were  then  phosphorylated 
with  T4  Kinase  and  ligated.  Similarly,  the  p53ATet  mutant  (341K344E348E355K),  according  to 
Stiirzbecher,  et  al.  (1992),  was  constructed  using  primers  that  contained  mutations  at 
corresponding  amino  acid  positions.  All  mutant  constmctions  were  confirmed  by  sequencing 
analysis.  The  luciferase  reporter  plasmid,  pRGCE4Luc,  was  constructed  by  cloning  the  BamHI- 
Asp718  fragment  containing  RGCE4TATA  from  pRGCE4CAT  (Goga  et  al.  1995)  into  pZLuc 
(Sladek  et  al.  1998). 

Purification  of  c-Abl  and  p53  proteins 

Sf21  cells  were  infected  with  recombinant  baculo viruses  expressing  GST-Abl,  GST-Abl- 
ASH3  (a  deletion  construct  of  c-Abl  lacking  the  SH3  domain;  Mayer  and  Baltimore,  1994)  and 
GST-Abl-AC  (a  deletion  construct  of  c-Abl  truncated  after  the  catalytic  domain,  amino  acid  532;  a 
gift  from  Dr.  B.  Mayer,  Harvard  University)  and  lysed  as  described  by  Pendergast  et  al.  (1991). 
The  GST  fusion  proteins  were  then  bound  to  Glutathione-Sepharose  (Pharmacia),  and  eluted  with 
buffer  containing  10  mM  glutathione,  and  purified  protein  were  dialyzed  in  0.1  M  KC1  D  buffer 
(20  mM  HEPES  [pH  7.9],  20%  glycerol,  0.2  mM  EDTA,  0.5  mM  dithiothreitol,  0.5  mM 
phenylmethylsulfonyl  fluoride).  To  purify  p53,  HeLa  cells  were  infected  with  recombinant 
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vaccinia  virus  expressing  an  epitope-tagged  p53  (HA-p53)  and  p53  was  either  purified  from  the 
nuclear  extract  of  infected  cells  by  binding  to  matrix  of  monoclonal  antibody  (12CA5)  specific  for 
the  epitope  tag,  followed  by  elution  with  the  epitope  peptide  as  described  by  Liu  and  Berk  (1995), 
or  purified  with  a  matrix  of  pAb  421  anti-p53  as  described  by  Sheppard  et  al.  (1999).  The  purified 
proteins  were  analyzed  by  SDS-PAGE.  To  purify  p53A363,  Sf21  cells  were  infected  with 
recombinant  baculovirus  expressing  HA-p53A363  (a  gift  from  Dr.  C.  Prives,  Columbia 
University),  and  p53A363  was  purified  with  12CA5  antibody  as  described  above. 

GST  pull-down  assay 

Wild  type  and  mutant  p53  RNAs  were  synthesized  according  to  conditions  recommended  by  the 
manufacturer  (Promega).  The  mRNAs  were  translated  in  vitro  for  1.5  hr  at  30°C  in  rabbit 
reticulocyte  lysate  in  the  presence  of  35S-methionine.  Bacterially  expressed  GST-Abl-C  (a  portion 
of  the  c-Abl  carboxyl-terminus  starting  at  amino  acid  711)  has  been  shown  to  bind  to  p53  (Goga 
and  Liu,  unpublished  data).  Glutathione-Sepharose  (Pharmacia)  was  washed  thoroughly  in  lysis 
buffer  (10%  glycerol,  1%  Triton  X-100,  lOmM  EDTA  in  PBS)  and  incubated  for  60  min  with 
GST  fusion  protein.  Beads  were  then  incubated  for  60  min  with  the  35S-methionine  labeled  p53 
mutants  in  incubation  buffer  (20  mM  HEPES,  pH  7.4,  150  mM  NaCl,  0.1%  Triton  X-100,  10% 
glycerol,  1  mM  PMSF,  50  pg/ml  ethidium  bromide,  10  pg/ml  aprotinin  and  10  pg/ml  leupeptin) 
with  constant  mixing.  After  incubation,  the  beads  were  washed  three  times  with  incubation  buffer 
and  boiled  in  15  pi  of  2x  SDS  sample  buffer.  The  bound  proteins  were  analyzed  by  SDS-PAGE 
and  35S-labeled  proteins  were  visualized  by  autoradiography. 

EMSA 

EMSA  was  carried  out  as  described  (Sheppard  et  al.  1999).  Briefly,  The  RGC  p53-binding  site 
probe  (5’-  AGCTTGCCTCGAGCTTGCCTGGACTTGCCTGGTCGACGC  -3’)  was  labeled  with 
the  Klenow  fragment  of  E.  coli  DNA  polymerase.  Binding  reactions  contained  60  mM  KC1,  12% 
glycerol,  5  mM  MgCl2,  1  mM  EDTA,  1  pg  BSA,  0.1  pg  poly  [d(GC)],  200  cpm  of  32P-labeled 
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probe,  proteins  as  indicated,  in  a  total  volume  of  12.5  pi.  Reactions  were  incubated  at  30°C  for  40 
min  or  as  indicated  when  association  experiments  (on-rate)  were  performed,  and  then  analyzed  on 
a  5%  polyacrylamide  gel  containing  0.5  x  TBE  (0.045  mM  Tris-borate,  0.045  mM  sodium  borate, 
0.001  mM  EDTA  [pH  8.0]).  DNA-protein  complexes  were  visualized  with  a  Phosphorlmager 
using  Adobe  Photoshop  software.  When  required,  reactions  were  incubated  in  the  presence  of  2 
mM  ATPyS,  a  nonhydrolyzable  ATP  analog,  to  inhibit  kinase  activity.  When  dissociation 
experiments  (off-rate)  were  performed,  reactions  were  incubated  for  40  min  immediately  followed 
by  an  addition  of  20X  excess  of  unlabeled  RGC  oligonucleotide  to  challenge  the  DNA-protein 
complex  for  indicated  times. 

Transcriptional  activation  assay 

The  transcription  activity  of  p53  was  measured  using  pRGCE4Luc  which  contains  one  copy  of  the 
RGC  p53  binding  site  cloned  upstream  of  the  adenovirus  E4  TATA  box  and  luciferase  gene. 
Various  combinations  of  the  plasmid  DNAs  listed  in  Figure  6  were  transfected  into  Saos-2  cells 
using  calcium  phosphate.  The  amounts  of  plasmids  transfected  for  60  mm  plates  were  as  follows: 
0.5  pg  of  pRGCE4Luc,  0.2  pg  of  pcDNA-p53,  0.2  pg  of  pcDNA-p53A363,  and  0.5  pg  of 
pSRaMSVtkNeo-Abl  (Goga  et  al.  1995).  All  samples  for  luciferase  assays  were  normalized  for  p- 
galactosidase  activity  from  a  co-transfected  control  expression  vector  as  described  (Liu  et  al. 
1993). 
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c-Abl  interacts  with  the  C-terminal  regulatory  domain  of  p53.  It  has  been  shown 
previously  that  c-Abl  binds  to  p53  and  activates  p53-dependent  transcription.  To  investigate  the 
mechanism  by  which  c-Abl  stimulates  transcription,  we  mapped  the  domains  on  p53  that  are 
required  for  c-Abl  binding,  as  p53  can  be  regulated  via  different  mechanisms  through  protein- 
protein  interaction  at  different  functional  domains.  A  panel  of  N-  or  C-terminus  truncated  p53 
mutants  (Figure  1  A)  were  in  vitro  translated  in  the  presence  of  35S-methionine  and  incubated  with 
immobilized  GST  and  GST-Abl-C  which  contains  p53  binding  domain  as  reported  by  Goga  et  al 
(1995).  After  incubation,  the  beads  were  washed  and  proteins  bound  to  the  beads  were  analyzed 
by  SDS-PAGE  (Figure  IB).  Deletion  of  the  p53  transactivation  domain  (p53A92)  had  no  effect  on 
binding  to  GST-Abl.  In  contrast,  deletion  of  the  p53  carboxyl-terminus  (p53A292C)  completely 
abrogated  binding  to  GST-Abl-C,  suggesting  the  carboxyl-terminal  region  is  required  for  c-Abl 
binding. 

The  C-terminus  (amino  acid  293  and  393)  harbors  functional  domains  responsible  for 
nuclear  localization  (amino  acid  316-322),  tetramer  formation  (amino  acid  325-356)  and  regulation 
of  p53  DNA-binding  (amino  acid  363-393).  To  further  localize  the  c-Abl  binding  domain  within 
the  C-terminus  of  p53,  we  next  conducted  GST-Abl  binding  assays  with  a  series  of  p53  C-terminal 
small  deletion  mutants  (p53A3 16-322,  p53A325-356  and  p53A363C;  Figure  1A)  in  which  each  of 
these  three  functional  domains  was  individually  removed.  Because  c-Abl  and  p53  are  both  DNA 
binding  proteins,  we  included  50  qg/ml  of  ethidium  bromide  to  the  binding  buffer  to  disrupt 
possible  interactions  mediated  through  protein-DNA  interactions.  Figure  1C  shows  the  GST 
binding  results.  Deletion  of  the  p53  nuclear  localization  signal  (p53A3 16-322)  had  no  effect  on 
binding  to  c-Abl.  However,  deletion  of  the  regulatory  domain  in  p53,  p53A363C  significantly 
disrupted  its  ability  to  bind  to  c-Abl.  This  region  has  been  previously  identified  as  an  inhibitory 
domain  for  p53  DNA-binding.  Furthermore,  deletion  of  the  tetramerization  domain,  A325-356, 
also  greatly  reduced  binding  to  c-Abl.  These  findings  demonstrate  that  the  interaction  between  c- 
Abl  and  p53  requires  the  C-terminal  regulatory  domain  and  tetramerization  domain  of  p53. 
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Tetrameric  conformation  is  necessary  for  the  p53-cAbl  interaction.  The  tetrameric 
domain  is  important  for  higher  order  p53  complex  formation,  DNA  binding,  phosphorylation  at 
Serl5,  Ser20  and  Ser33  as  well  as  the  dominant  negative  effect  of  mutant  p53  molecules  over 
wild-type  p53  (Unger  et  al,  1993;  Shieh  et  al.  1999).  The  results  from  the  GST  binding 
experiments  in  Figure  1  led  us  to  hypothesize  that  c-Abl  interacts  with  the  regulatory  domain  of 
p53  and  that  this  interaction  may  require  the  tetrameric  conformation  of  p53.  It  is  also  possible, 
however,  that  c-Abl  may  interact  with  residues  in  the  tetramer  domain  directly.  To  test  this,  we 
constructed  a  tetramerization  impaired  mutant,  341K344E348E355K  (Tet  Mut),  which  contains 
four  mutated  residues  at  positions  341,  344,  348  and  355  as  reported  by  Sturzbecher,  et  al, 
(1992).  The  ability  of  the  mutant  to  interact  with  c-Abl  was  tested  using  the  GST  pull-down  assay 
as  described  above  (Figure  2).  The  results  showed  that  this  mutant,  similar  to  A325-356,  fails  to 
bind  to  c-Abl,  revealing  the  requirement  of  the  tetrameric  conformation  of  p53  for  c-Abl 
interaction. 

Activation  of  p53-DNA  binding  by  c-Abl  requires  p53  C-terminus.  If  the  interaction 
of  c-Abl  with  the  regulatory  domain  of  p53  is  of  functional  significance,  we  reasoned  that  c-Abl 
should  alter  the  negative  regulatory  effect  of  the  C-terminus  on  p53  DNA-binding.  To  test  this 
possibility,  we  examined  the  effect  of  c-Abl  on  p53  DNA-binding  in  EMSA  with  a  probe 
containing  the  p53  cis  element  identified  in  the  RGC  as  described  by  Sheppard  et  al  (1999).  As 
expected,  50  ng  of  vaccinia  virus-expressed  epitope-tagged  human  p53  (one-half  the  amount  as 
shown  in  Figure  3B,  lane  2)  purified  from  HeLa  cells  with  12CA5  antibody  bound  to  this  probe 
and  produced  a  retarded  p53-DNA  complex  (Figure  3  A,  lane  2).  Addition  of  30  ng  of  baculovirus 
expressed  GST-Abl  (one  tenth  of  the  amount  shown  in  Figure  3B,  lane  3;  ~1:1  molar  ratio  of  c- 
Abl/p53  tetramer)  resulted  in  a  marked  stimulation  of  the  p53  DNA-binding  (5  to  10-fold 
activation,  Figure  3A,  lanes  2  and  6).  This  c-Abl-stimulated  p53-DNA  complex,  however,  could 
not  be  supershifted  with  anti-Abl  antibody,  suggesting  that  c-Abl  was  not  associated  with  the  p53- 
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DNA  complex  (data  not  shown).  In  contrast  to  c-Abl,  the  same  amount  of  control  extract  purified 
from  mock  infected  cells  (C;  Figure  3A,  lane  3),  GST  protein  (G;  lane  4)  or  a  combination  of  both 
(C\G;  lane  5)  were  incapable  of  stimulating  p53  DNA-binding.  Each  of  the  extracts  used  in  this 
experiment  have  been  tested  over  a  range  of  concentrations  corresponding  from  one-half  to  four 
times  the  amount  used  in  Figure  3A.  At  each  of  the  concentrations  tested,  stimulation  by  c-Abl  was 
observed  (data  not  shown).  These  results  suggest  that  c-Abl  interacts  with  the  p53  regulatory 
domain  to  relieve  its  negative  effect  on  p53  DNA-binding.  The  fact  that  stoichiometric  quantities  of 
c-Abl  stimulates  p53  DNA  binding  support  the  view  that  tetrameric  conformation  of  p53  is 
necessary  for  the  stimulation. 

If  the  c-Abl  interaction  plays  a  role  in  the  activation  of  p53  DNA-binding,  we  reasoned  that 
a  construct  of  c-Abl,  that  lacks  the  p53  binding  domain  (c-Abl-AC),  should  not  activate  p53  DNA- 
binding,  whereas  another  construct  of  c-Abl,  that  binds  to  p53  but  lacks  SH3  domain  (c-Abl- 
ASH3),  should  activate  p53  DNA-binding.  We  tested  this  hypothesis  by  comparing  the  ability  of 
wild-type  c-Abl,  c-Abl-ASH3  and  c-Abl-AC  to  stimulate  p53  DNA-binding  (Figure  3C).  The  c- 
Abl-ASH3  mutant  continued  to  activate  p53  DNA-binding  whereas  c-Abl-AC  was  significantiy 
impaired  in  its  ability  to  stimulate  p53  DNA-binding.  These  findings  demonstrate  a  correlation 
between  the  ability  to  bind  p53  and  to  activate  p53  DNA-binding.  Consequently,  c-Abl  interaction 
is  required  for  activation  of  p53  DNA-binding. 

If  the  results  are  correct,  c-Abl  should  not  affect  the  DNA-binding  of  the  C-terminal 
truncated  form  of  p53  (A363C).  To  test  this  hypothesis,  we  performed  a  gel-shift  assay  with 
A363C  in  the  presence  of  c-Abl  or  a  control  GST  extract  (Figure  3D).  As  expected,  p53  resulted  in 
a  slowly  migrating  band,  the  p53-DNA  complex  (lane  2),  and  addition  of  c-Abl  significantly 
activated  the  p53  DNA-binding  (lane  3).  In  contrast,  A363C  bound  to  DNA  far  more  efficiently 
than  p53  (compare  lane  4  to  lane  2).  Addition  of  c-Abl  to  A363C,  however,  did  not  have  any  effect 
on  DNA-binding  (lanes  5  and  7).  The  striking  difference  in  activation  of  p53  DNA-binding  by  c- 
Abl  supports  our  conclusion  that  c-Abl  interacts  with  the  regulatory  domain  to  diminish  its  negative 
regulatory  effect  on  p53  DNA-binding. 
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It  has  been  demonstrated  previously  that  421  antibody  binds  to  the  regulatory  domain 
(amino  acid  372  to  382)  and  activates  p53  in  a  manner  similar  to  that  observed  with  c-Abl. 
Therefore,  we  tested  whether  c-Abl  can  stimulate  p53  purified  with  421  antibody.  Surprisingly, 
421-purifiedp53  can  be  activated  by  c-Abl  to  a  similar  extent  as  12CA5-purified  p53  (Figure  3  A, 
lanes  7  to  9).  Several  explanations  may  account  for  this  result.  c-Abl  and  421  antibody  may  bind  to 
different  regions  on  the  negative  regulatory  domain  and  affect  p53  DNA-binding  independently. 
Support  for  this  mechanism  comes  from  the  interaction  data  in  that  c-Abl  binding,  unlike  421 
antibody,  requires  the  tetrameric  conformation  of  p53  (Figure  2).  Alternatively,  c-Abl  may  alter  the 
conformation  of  the  regulatory  domain  more  efficiently,  resulting  in  a  further  stimulation  of  DNA- 
binding  of  421-purified  p53. 

c-Abl  activates  p53-DNA  binding  in  a  kinase-independent  manner.  Because  a  kinase- 
inactive  form  of  c-Abl  [c-Abl(K-R)],  has  been  reported  to  bind  p53  and  enhance  the  ability  of  p53 
to  activate  transcription  (Goga  et  al.  1995;  Yuan  et  al.  1996b),  we  considered  that  the  kinase 
activity  of  c-Abl  might  not  be  required  for  the  activation  of  p53  DNA-binding.  We  therefore 
examined  the  effect  of  ATPyS,  a  non-hydrolyzable  ATP  analog  that  inhibits  c-Abl  kinase  activity  in 
GST-Crk  phosphorylation  and  autophosphorylation  (data  not  shown)  on  the  ability  of  c-Abl  to 
stimulate  p53  DNA-binding.  Figure  4  shows  that  addition  of  2  mM  of  ATPyS  did  not  have  any 
effect  on  the  activation  of  p53  DNA-binding  by  c-Abl  (compare  lane  4  to  lane  2).  As  a  control, 
ATPyS  was  also  added  to  p53  DNA  binding  reaction  without  c-Abl  and  no  effect  on  p53  DNA- 
binding  was  observed  (compare  lane  7  to  lane  5).  These  results  suggest  that  the  activation  of  p53 
DNA-binding  by  c-Abl  is  kinase  independent.  These  results  are  consistent  with  the  previous 
observation  that  c-Abl  enhances  the  ability  of  p53  to  activate  transcription  in  a  kinase-independent 
manner  and  suggest  that  c-Abl  activation  of  p53  DNA-binding  occurs  independent  of  its  function 
as  a  protein  tyrosine  kinase. 
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Interaction  with  c-Abl  stabilizes  the  p53-DNA  complex.  The  activation  of  p53  DNA- 
binding  by  c-Abl  could  result  from  increasing  the  rate  of  p53-DNA  complex  formation  or  by 
decreasing  the  rate  at  which  p53  dissociates  from  the  DNA. 

To  determine  whether  c-Abl  affects  the  rate  of  p53-DNA  complex  formation,  p53  was 
incubated  with  the  RGC  probe  in  the  presence  or  absence  of  c-Abl  or  the  GST  control.  At  different 
time  points  (0,  2,  5,  10,  20,  40  and  60  min)  after  mixing,  aliquots  of  the  reaction  mixture  were 
loaded  on  a  running  gel  (Figure  5A).  The  results  show  that  p53  gel-shift  bands  were  observed  at 
maximal  levels  2  min  after  incubation,  in  the  presence  or  absence  of  c-Abl,  suggesting  that 
formation  of  the  p53-DNA  complex  may  not  be  affected  by  the  presence  of  c-Abl.  Of  note,  a 
decreased  level  of  p53-DNA  complex  was  observed  after  40  min  incubation  without  c-Abl,  but  not 
with  c-Abl,  indicating  that  c-Abl  may  stabilize  p53-DNA  complex. 

To  test  this  hypothesis,  we  next  determined  whether  c-Abl  decreased  the  dissociation  rate 
of  a  pre-formed  p53-DNA  complex.  For  this  experiment,  purified  p53,  plus  or  minus  c-Abl,  was 
incubated  with  the  RGC  probe  for  30  min,  and  then  the  formed  complexes  were  challenged  with  a 
20-fold  molar  excess  of  unlabeled  RGC  oligonucleotide  as  a  competitor.  Aliquots  of  the  reaction 
mixture  were  loaded  on  a  running  gel  at  0,  5,  10,  20,  40  and  60  min  after  the  addition  of  the 
competitor  DNA  (Figure  5B).  At  the  end  of  the  electrophoresis,  the  amount  of  DNA  shifted  was 
quantitated  by  Phosphorlmager  analysis.  Figure  5C  shows  a  plot  of  the  data  from  four  independent 
experiments  where  100%  represented  the  amount  of  p53-DNA  complex  formed  before  the  addition 
of  unlabeled  competitor  (0  min).  The  data  clearly  show  that  c-Abl  stabilizes  the  p53-DNA  binding. 

The  C-terminus  of  p53  is  responsible  for  activation  of  p53-dependent 
transcription  by  c-Abl.  Our  results  showing  that  c-Abl  interacts  with  the  C-terminal  regulatory 
domain  to  activate  p53  DNA-binding,  prompted  us  to  determine  the  effect  of  c-Abl  on  the  ability  of 
p53  and  A363C  to  activate  transcription  in  vivo.  Toward  this  end,  we  performed  transient 
transfection  experiments  from  a  minimal  promoter  containing  one  p53  binding  site  (RGC)  and  E4 
TATA  box  (RGCE4)  in  Saos-2  cells.  Figure  6  summarizes  the  results  from  three  independent 
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experiments  in  which  RGCE4  was  cotransfected  with  expression  vectors  for  p53  or  A363C,  with 
or  without  c-Abl,  and  luciferase  was  measured  after  adjusting  for  the  difference  in  transfection 
efficiency.  As  expected,  addition  of  c-Abl  to  full-length  p53  resulted  in  a  two  and  half-fold 
enhancement  of  activation.  In  contrast,  addition  of  c-Abl  to  A363C  had  no  detectable  effect  on  the 
transcription.  The  enhancement  by  c-Abl  is  p53-dependent  as  c-Abl  alone  over  a  wide  range  had  no 
effect  on  the  RGCE4  promoter  (data  not  shown).  These  findings  support  our  conclusion  that  the 
C-terminus  of  p53  is  responsible  for  activation  of  p53-dependent  transcription  by  c-Abl. 
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DISCUSSION 


A  mechanism  for  c-Abl  activation  of  p5 3 -dependent  transcription 

Although  it  is  known  that  c-Abl  stimulates  p53-dependent  transcription,  a  function  required 
for  c-Abl  growth  suppressor  activity  (Goga  et  al,  1995),  the  molecular  mechanism  by  which  c-Abl 
stimulates  p53-dependent  transcription  is  still  largely  unclear.  The  results  reported  here  show  that 
c-Abl  interacts  with  the  C-terminal  regulatory  domain  of  p53  in  a  tetramerization-dependent  manner 
and  functions  to  activate  the  p53  DNA-binding.  In  an  effort  to  assess  the  mechanism  of  c-Abl 
activation,  we  also  show  that  c-Abl  activates  p53  DNA-binding  by  stabilizing  the  p53-DNA 
complex.  Collectively,  these  results  suggest  a  model  for  c-Abl  activation.  In  this  model  c-Abl 
activates  latent  p53  by  relieving  the  C-terminal  inhibitory  domain  of  p53  and  enhances  p53  DNA- 
binding  by  forming  a  stable  p53-DNA  complex.  Support  for  this  mechanism  also  comes  from  the 
correlation  between  the  effect  of  c-Abl  mutations  on  the  interaction  with  p53  and  on  the  activation 
of  p53  DNA-binding.  These  results  indicate  that  c-Abl  contributes  to  p53  transactivation  by 
functioning  as  a  stimulator  of  p53  DNA-binding. 

c-Abl  functions  as  a  p53  DNA-binding  stimulator  in  a  manner  different  from  several  other 
stimulator  proteins  which  also  activate  DNA-binding  by  relieving  the  C-terminal  inhibitory  effect. 
Examples  include  p300,  which  acetylates  lysine  residues  at  the  C-terminus  and  activates  latent  p53 
(Gu  and  Roeder,  1997)  and  Ref-1,  which  activates  p53  DNA-binding  via  the  C-terminal  domain  in 
a  redox-dependent  manner.  c-Abl  is  distinct  from  these  proteins  in  that  it  did  not  appear  to 
covalently  modify  p53  or  to  rely  on  the  redox  state  of  p53.  It  may  be  similar  in  this  regard  to  421 
antibody  activation  which  binds  to  the  C-terminal  domain  and  relieves  its  negative  effect  on  p53 
DNA-binding.  However,  421  antibody  recognizes  both  tetrameric  and  monomeric  forms  of  p53, 
indicating  a  conformation-independent  binding.  In  the  case  of  c-Abl,  the  specific  binding  of  c-Abl 
requires  p53  to  be  in  a  tetrameric  form.  What  remains  to  be  determined  is  the  significance  of  c-Abl 
binding  the  p53  tetramer  but  not  the  monomer. 

Our  data  suggest  that  c-Abl  stimulates  p53-mediated  transcription,  at  least  in  part,  by 
activation  of  p53  DNA-binding.  Of  note,  two  recent  studies  have  shown  that  overexpression  of  c- 
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Abl  also  induces  p53  accumulation  (Yuan  et  al  1996b)  probably  via  the  neutralization  of  the 
inhibitory  effect  of  mdm2  by  c-Abl  (Sionov  et  al,  1999).  These  data  suggest  that  the  c-Abl-p53 
interaction  induces  a  conformational  change  which  may  dissociate  p53  from  Mdm2.  p300  has  been 
shown  to  activate  p53  via  two  different  mechanisms,  activation  of  p53  DNA-binding  (Gu  and 
Roeder,  1997;  Liu  et  al,  1999)  and  stabilization  of  the  p53  protein  (Yuan  et  al,  1999).  Therefore, 
similar  to  the  activation  of  p53  by  p300,  our  data  together  with  the  studies  cited  above  suggest  that 
c-Abl  may  stimulate  p53-mediated  transcription  by  more  than  one  mechanism,  i.e.  enhanced  DNA 
binding  as  well  as  protein  accumulation. 

Proposed  model  for  the  stabilization  of  the  p53-DNA  complex  by  c-Abl 

We  have  shown  that  c-Abl  stabilizes  the  p53-DNA  complex.  In  order  to  explain  this 
increased  stability,  we  speculate  that  the  interaction  of  c-Abl  with  the  C-terminus  of  p53  may 
stabilize  the  p53  tetramer.  There  are  several  reasons  which  led  us  to  believe  this  is  the  case.  Our 
results  show  that  c-Abl  interacts  with  the  tetrameric  form  of  p53,  but  not  with  the  monomeric  form, 
suggesting  that  multiple  contacts  between  c-Abl  and  p53  may  be  required  for  the  interaction.  These 
multiple  contacts,  in  principle,  could  induce  a  stable  tetrameric  form  of  p53,  resulting  in  a  more 
stable  protein-DNA  complex  (McLure  and  Lee,  1998).  Of  note,  it  has  been  suggested  that 
dimerization  of  nuclear  receptors  stabilizes  the  binding  of  the  receptors  to  DNA  (Glass  et  al.  1994). 
In  the  absence  of  the  dimerization  domain,  DNA  binding  domain  (DBD)  monomers,  dissociate 
from  the  DNA  very  rapidly.  In  contrast,  a  dimer  of  the  full-length  receptor  was  found  to 
dissociated  from  the  DNA  very  slowly.  These  findings  were  explained  in  a  one-step/two-step 
model  by  Jiang  et  al.  (1997)  in  which  the  DBD  monomers  dissociated  from  the  DNA  one  at  a  time 
in  two  energetically  favorable  steps,  whereas  the  full-length  receptor  dissociated  from  the  DNA  in  a 
single  step  process.  This  one-step  dissociation  was  considered  to  be  energetically  unfavorable, 
since  the  contacts  between  two  DBD  monomers  and  DNA  had  to  be  broken  at  the  same  time.  This 
model  could  also  apply  to  other  DNA-binding  proteins  such  as  p53.  In  this  case,  the  stabilization 
of  DNA  binding  would  be  more  effective  as  p53  exists  as  a  tetramer. 
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It  is  tempting  to  speculate  that  our  hypothesis  may  also  explain  why  the  C-terminal  domain 
inhibits  p53  DNA-binding.  The  C-terminal  regulatory  domain  was  proposed  to  interact  with  a 
motif  in  the  core  of  the  p53  tetramer,  thereby  forming  a  conformationally  inactive  complex  (Hupp 
et  al.  1995).  An  alternative  explanation,  however,  is  that  the  C-terminal  domain  may  interfere  with 
the  tetramerization  of  p53,  resulting  in  a  less  stable  p53-DNA  complex.  Supporting  this 
assumption  is  the  experimental  evidence  that  A363C  also  stabilizes  the  p53-DNA  complex  (data  not 
shown).  The  fact  that  the  C-terminal  domain  is  closely  located  next  to  the  tetramerization  domain 
also  makes  this  alternative  model  physically  possible.  Further  studies  of  the  role  of  the  C-terminal 
regulatory  domain  in  tetramerization  will  be  required  to  distinguish  between  these  possibilities. 

A  kinase-independent  activity  for  c-Abl 

The  c-Abl  protein  is  a  nuclear  tyrosine  kinase.  However,  c-Abl-p53  complexes  are  detected 
in  cells  expressing  either  wild-type  or  the  kinase-inactive  c-Abl  (K-R)  in  response  to  ionizing 
radiation  (Yuan  et  al,  1996b).  Furthermore,  the  kinase  activity  of  c-Abl  is  not  required  for 
transcriptional  activation  by  p53  in  transient  transfection  assays  from  a  promoter  containing  p53 
DNA-binding  sites  (Goga  et  al  1995).  Consistent  with  these  results,  our  data  reveal  that  the  c-Abl 
kinase  activity  is  not  required  for  the  activation  of  p53  DNA-binding.  On  the  basis  of  these 
observations,  we  propose  a  kinase-independent  activity  for  c-Abl:  activation  of  p53  DNA-binding. 
Several  lines  of  evidence  have  lent  support  to  this  activity.  First,  although  a  deletion  of  the  c-Abl 
SH3  domain  increases  Abl-mediated  tyrosine  phosphorylation  in  vivo  (Franz  et  al,  1989;  Jackson 
and  Baltimore,  1989;  Van  Etten  et  al,  1995),  similar  effects  on  transactivation  (Goga  et  al,  1995) 
by  wild-type  Abl  and  Abl-ASH3  (a  deletion  of  c-Abl  lacking  SH3  domain)  were  observed. 
Second,  the  amounts  by  which  the  kinase-inactive  c-Abl(K-R)  stabilizes  p53  were  similar  to  the 
stabilization  by  wild-type  c-Abl  (Sionov  et  al,  1999),  suggesting  that  c-Abl  functions  to  induce  a 
conformation  change  in  p53  in  a  non  kinase-dependent  manner.  Finally,  the  overexpression  of 
both  wild-type  c-Abl  and  c-Abl(K-R)  enhances  the  expression  of  endogenous  p21  (Yuan  et  al, 
1996b). 
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A  link  between  DNA-damage  and  activation  ofp53  via  the  C-terminal  domain 

c-Abl  contributes  to  radiation-induced  G1  arrest  via  a  p53-dependent  mechanism  (Yuan  et 
al,  1996b),  indicating  that  p53  lies  in  a  pathway  downstream  from  c-Abl.  We  demonstrate  that  c- 
Abl  binds  to  the  C-terminus  of  p53  and  stimulates  p53  DNA-binding.  These  findings  directly  link 
c-Abl  to  activation  of  p53  DNA-binding  via  the  C-terminal  domain  in  response  to  DNA-damage. 
Interestingly,  a  recent  study  has  shown  that  IR  leads  to  dephosphorylation  of  Ser376,  resulting  in 
an  association  of  14-3-3  proteins  with  p53  via  the  C-terminal  domain  which,  in  turn,  enhanced  the 
affinity  of  p53  for  sequence-specific  DNA  (Waterman  et  al,  1998).  This  observation  suggests  that 
p53  lies  in  a  pathway  downstream  from  the  14-3-3  protein  in  response  to  DNA-damage.  Our  data 
together  with  this  finding  support  the  view  that  there  are  multiple  molecular  pathways  that  signal 
DNA  damage  (Liu  et  al,  1996)  and  activate  p53  via  the  C-terminal  domain.  Although  it  is  clear  that 
the  interaction  of  p53  with  c-Abl  is  DNA  damage-inducible,  it  remains  to  be  determined  whether 
Ser376  dephosphorylation  contributes  to  such  a  c-Abl-p53  association. 

Transient  transfection  assays  showed  a  significant  stimulatory  effect  of  c-Abl  on  the  ability 
of  cotransfected  p53  to  activate  transactivation.  The  observation  that  c-Abl  did  not  stimulate 
p53A363C  in  these  assays  supports  the  assumption  that  the  C-terminal  domain  of  p53  is  likely 
targeted  by  DNA-damage  signaling  pathways  in  vivo.  Definitive  evidence  for  a  loss  of  c-Abl 
response  in  cells  expressing  p53A363C  will  be  required  to  validate  such  a  model.  In  addition, 
further  analysis  of  the  effects  of  c-Abl  on  the  promoters  of  natural  p53  response  genes  such  as  p21 
in  such  cells  should  help  to  clarify  this  issue. 

The  function  of  p53  in  the  DNA  damage  response  is  clearly  important  to  the  proper 
functioning  of  many  cell  types.  In  this  study,  we  have  provided  an  example  of  activation  of  p53 
DNA-binding  via  the  C-terminal  regulatory  domain  by  a  growth  suppressor  protein,  c-Abl.  Our 
finding  further  supports  the  view  that  the  C-terminus  of  p53  is  a  target  for  stimulation  of  p53 
DNA-binding  in  response  to  DNA  damage  and  suggests  that  tetramerization  is  required  for  the 
stimulation. 
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FIGURE  LEGEND 


Figure  1.  The  C-terminal  region  of  p53  is  required  for  association  with  c-Abl.  A. 

p53  proteins  containing  N-terminal  and  C-terminal  deletions  used  in  this  study.  B  and  C.  The  p53 
protein  shown  in  panel  A  were  translated  in  vitro  and  tested  for  binding  to  GST-Abl  and  GST. 
Binding  of  the  p53  proteins  to  c-Abl  was  measured  by  incubated  with  immobilized  GST-Abl 
protein,  washing,  SDS-PAGE  and  autoradiography  of  proteins  retained  on  the  beads.  Binding  of 
p53  protein  to  GST  was  measured  by  incubated  with  immobilized  GST  protein  in  the  same 
condition. 

Figure  2.  The  tetrameric  conformation  of  p53  is  necessary  for  the  p53-Abl 
interaction.  Radiolabeled  p53  proteins  were  prepared  by  in  vitro  translation  and  were  incubated 
with  either  GST  or  GST-Abl.  After  washing,  proteins  were  subjected  to  SDS-PAGE.  The 
tetramerization  impaired  mutant  341K344E348E355K  (Tet  Mut)  was  deficient  in  binding  to  c-Abl. 

Figure  3.  The  C-terminal  domain  is  required  for  c-Abl  activation.  A.  A  radiolabeled 
probe  containing  the  p53-binding  site  from  RGC  was  incubated  with  either  50  ng  of  p53  purified 
with  12CA5  or  25  ng  of  p53  purified  with  421  in  the  presence  of  30  ng  of  control  extract  (C),  GST 
(G)  or  GST-Abl  (A)  as  indicated.  B.  A  silver-stained  SDS-10%  PAGE  is  shown.  Lane  1 
represents  2  pi  of  p53A363C  eluted  with  HA  peptide  from  a  mAb  12CA5  affinity  column;  lane  2, 2 
pi  of  p53;  lane  3, 3  pi  of  GST-Abl,  lanes  4  and  5, 100  and  50  ng  of  BSA.  The  sizes  (in  kD)  of 
molecular  mass  standards  are  indicated  on  the  left.  C.  The  RGC  probe  was  incubated  with  50  ng  of 
12CA5  purified  p53  in  the  absence  (-)  or  presence  of  30  ng  of  GST-Abl  (A),  GST-Abl-AC  (AC)  or 
GST-Abl-ASH3  (ASH3),  as  indicated.  D.  The  RGC  probe  was  incubated  with  50  ng  of  12CA5 
purified  p53  or  10  ng  of  12CA5  purified  p53A363C  in  the  presence  of  GST-Abl  (A:  30  ng;  and 
2A:  60  ng)  or  control  extract  (C  and  2C),  as  indicated. 
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Figure  4.  c-Abl  stimulates  p53  DNA-binding  in  an  ATP-independent  manner.  A 

radiolabeled  probe  containing  the  p53-binding  site  from  RGC  was  incubated  with  50  ng  of  12CA5 
purified  p53  with  or  without  50  ng  of  GST-Abl,  and  with  or  without  2  mM  ATPyS,  as  indicated. 

Figure  5.  c-Abl  prevents  the  dissociation  of  the  p53-DNA  complex.  A.  Determination 
of  the  association  rate  of  the  p53-DNA  complex  in  the  presence  and  absence  of  c-Abl.  Binding 
reactions  were  performed  as  described  and  samples  were  loaded  on  a  running  gel  at  different  time 
points.  B.  Determination  of  the  dissociation  rate  of  the  p53-DNA  complex  in  the  presence  and 
absence  of  c-Abl.  At  equilibrum,  DNA  binding  reaction  mixtures  were  challenged  by  addition  of  a 
20x  excess  of  unlabeled  RGC  competitor  and  samples  were  removed  and  loaded  on  a  running  gel 
at  various  time  points.  C.  The  intensity  of  the  bands  representing  the  p53-DNA  complex  in  panel  B 
was  quantitated  with  a  Phosphorlmager  and  plotted  as  a  percentage  of  the  intensity  at  equilibrum. 

Figure  6.  Stimulation  of  p53  transcriptional  activity  by  c-Abl  requires  the 
carboxyl  terminus  of  p53.  Saos-2  cells  were  transfected  with  the  plasmid  combination  listed 
below  the  figure.  Luciferase  activity  was  measured  after  normalization  to  p-galactosidase  activity 
and  expressed  as  fold  of  activation  relative  to  the  level  seen  with  the  reporter  alone  (lanel).  The 
mean  and  standard  deviations  from  3  independent  experiments  are  presented. 
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Overexpression  of  mutant  p53  has  been  reported  to 
promote  tumorigenicity  in  several  cancers.  However, 
despite  its  potential  importance,  the  signals  regulating 
mutant  p53  protein  expression  are  not  known.  Here  we 
show  that  a  form  of  p53  that  is  incapable  of  binding  DNA 
is  overexpressed  in  the  acute  promyelocytic  leukemia 
NB4  cell  line.  Our  results  demonstrate  that  treatment  of 
NB4  cells  with  bryostatin-1,  which  induces  differentia¬ 
tion  in  this  cell  line,  leads  to  hyperphosphorylation  of 
this  DNA  binding-impaired  form  of  p53  via  mitogen-ac¬ 
tivated  protein  kinase.  After  this  phosphorylation,  the 
p53  protein  is  degraded  by  the  ubiquitin/proteasome 
pathway.  Furthermore,  we  show  that  inhibition  of  p53 
hyperphosphorylation  blocks  p53  protein  degradation 
and  cell  differentiation.  In  addition,  inhibition  of  the 
ubiquitin/proteasome  pathway  also  blocks  p53  protein 
degradation  and  cell  differentiation.  These  findings  sug¬ 
gest  a  role  for  mitogen-activated  protein  kinase  in  the 
degradation  of  the  DNA  binding-impaired  form  of  p53 
protein  and  in  the  bryostatin-induced  differentiation 
observed  in  this  cell  line.  The  implications  of  these  re¬ 
sults  with  respect  to  the  functional  significance  of  p53 
phosphorylation  and  degradation  in  cell  differentiation 
are  discussed. 


Studies  of  human  and  mouse  p53  have  shown  that  wild-type 
p53  exerts  its  antiproliferation  function  by  inducing  growth 
arrest  and  apoptosis,  whereas  mutant  p53  loses  this  function 
(1,  2).  The  biochemical  activity  of  p53  that  is  required  for  this 
relies  on  its  ability  to  bind  to  specific  DNA  sequences  and  to 
function  as  a  transcription  factor  (3).  The  importance  of  the 
activation  of  transcription  by  p53  is  underscored  by  the  fact 
that  the  majority  of  p53  mutations  found  in  tumors  are  located 
within  the  domain  required  for  sequence-specific  DNA  binding 
(1,  2).  Therefore,  it  is  clear  that  this  activity  is  critical  to  the 
role  of  p53  in  preventing  proliferation.  Although  the  precise 
molecular  mechanisms  by  which  mutant  p53  loses  its  antipro¬ 
liferation  functions  remain  to  be  elucidated,  three  models  have 
been  proposed  (1),  First,  mutations  in  p53  may  result  in  a  loss 
of  tumor  suppressor  function.  Second,  mutant  p53  may  have  a 
dominant  negative  effect  over  wild-type  p53  activity.  Finally, 
mutations  in  p53  may  lead  to  “a  gain  of  function”  such  that  it 
can  induce  proliferation  and  promote  tumorigenicity  of  various 
cells  (4-6). 

An  important  mechanism  used  to  control  p53  activity  is  the 
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regulation  of  p53  protein  levels.  Regulation  is  primarily 
achieved  via  protein  degradation,  although  p53  levels  may  also 
be  controlled  at  the  level  of  transcription  (7)  and  translation 
(8).  Studies  with  human  papilloma  virus  E6  protein  and  cellu¬ 
lar  oncogene  Mdm2,  which  interact  with  and  lead  to  the  deg¬ 
radation  of  p53,  have  revealed  that  p53  is  degraded  by  the 
ubiquitin-mediated  proteolytic  pathway  (9-11).  Although  sig¬ 
nals  that  target  p53  for  degradation  are  not  yet  fully  under¬ 
stood,  it  is  generally  accepted  that  the  phosphorylation  status 
of  p53  may  be  involved.  As  an  illustration  of  this,  cells  treated 
with  the  serine  phosphatase  inhibitor  okadaic  acid  accumulate 
high  levels  of  hyperphosphorylated  wild-type  p53  (12).  Clearly, 
the  regulation  of  p53  protein  level  is  important  to  its  tumor 
suppressor  function.  Therefore,  it  follows  that  the  regulation  of 
mutant  p53  protein  levels  may  be  important  in  regulating  the 
oncogenic  potential  of  mutant  p53. 

In  this  study  we  examined  the  involvement  of  the  p53  path¬ 
way  in  NB4  cell  differentiation.  The  NB4  cell  line  was  origi¬ 
nally  isolated  from  a  patient  with  acute  promyelocytic  leuke¬ 
mia  and  is  characterized  by  a  translocation  involving 
chromosomes  15  and  17  (13).  It  has  been  used  as  a  model  for 
studying  the  mechanisms  of  cell  differentiation,  as  it  can  be 
terminally  differentiated  into  either  mature  neutrophilic  gran¬ 
ulocytes  (14)  or  monocyte/macrophage-like  cells  (15)  in  re¬ 
sponse  to  various  treatments.  Among  the  treatments  that  have 
been  shown  to  induce  NB4  cells  to  differentiate  into  monocytes/ 
macrophage-like  cells  are  la,25-dihydroxyvitamin  D3  (16)  and 
bryostatin-1  (17).  Although  the  precise  mechanisms  involved  in 
this  differentiation  are  not  yet  fully  understood,  it  is  clear  that 
a  mitogen-activated  protein  kinase  (MAPK)1  pathway  is  in¬ 
volved  (17,  18).  Interestingly,  MAPK  has  been  shown  to  phos- 
phorylate  the  amino  terminus  of  p53  in  vitro  (19).  Thus,  a 
possible  mechanism  for  bryostatin-induced  differentiation  may 
involve  the  phosphorylation  of  p53  via  the  MAPK  pathway, 
resulting  in  an  alteration  of  p53  antiproliferation  activity. 

To  address  the  question  of  whether  the  p53  pathway  is 
involved  in  bryostatin-induced  differentiation,  we  asked 
whether  endogenous  p53  is  phosphorylated  in  response  to  bryo- 
statin  treatment.  Our  results  show  that  p53  becomes  hyper¬ 
phosphorylated  and  that  the  p53  protein  is  degraded  via  the 
ubiquitin/proteasome  pathway  after  treatment  with  bryosta¬ 
tin-1.  Furthermore,  we  demonstrate  that  inhibition  of  p53  hy¬ 
perphosphorylation  by  a  MAPK  pathway  inhibitor,  PD98059, 
blocks  p53  protein  degradation  and  cell  differentiation.  In  ad¬ 
dition,  inhibition  of  p53  protein  degradation  also  blocks  cell 
differentiation.  The  correlation  between  these  effects  suggests 
a  role  for  MAPK  in  p53  degradation  and  in  the  bryostatin- 


1  The  abbreviations  used  are:  MAPK,  mitogen-activated  protein  ki¬ 
nase;  EMSA,  electrophoresis  mobility  shift  analysis;  PAGE,  polyacryl¬ 
amide  gel  electrophoresis. 
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induced  differentiation  in  this  cell  line.  To  assess  the  physio¬ 
logical  significance  of  these  observations,  we  examined  the 
DNA  binding  ability  of  p53  purified  from  NB4  cells  using  anti- 
p53  antibody,  Pab  421.  The  purified  p53  was  incapable  of 
binding  DNA  in  electrophoresis  mobility  shift  analysis 
(EMSA),  indicating  that  a  mutant  form  of  p53  exists  in  NB4 
cells.  These  results  suggest  that  following  bryostatin  treatment 
of  NB4  cells,  the  mutant  form  of  p53  is  phosphorylated  via  the 
3VLAPK  pathway  and  subsequently  degraded.  The  implication  of 
these  observations  with  respect  to  the  functional  significance  of 
p53  phosphorylation  and  degradation  in  cell  differentiation  are 
discussed. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture  and  Protein  Purification — NB4  cells  were  cultured  in 
Dulbecco’s  modified  Eagle’s  medium/F-12  media  supplemented  with 
10%  fetal  bovine  serum.  The  cells  were  routinely  grown  as  suspension 
cultures,  and  passages  8  to  20  were  used  for  each  assay.  Bryostatin-1 
(Alexis,  CA)  was  dissolved  in  ethanol.  PD98095  (Calbiochem)  and 
MG132  (Calbiochem)  were  dissolved  in  Me2S0. 

p53  was  immunopurified  from  nuclear  extracts  prepared  from  NB4 
cells  according  to  the  method  of  Dignam  et  al.  (20).  One  milliliter  of 
nuclear  extract  (7  mg  of  protein/ml)  was  incubated  for  3  h  at  4  °C  with 
gentle  rotation  with  100  pi  of  packed  protein  A-Sepharose  beads  co¬ 
valently  coupled  with  anti-p53  antibody  Pab  421.  Beads  were  washed 
twice  with  0.5  M  KC1 D  buffer  (20  mM  HEPES,  pH  7.9,  20%  glycerol,  0.2 
mM  EDTA,  1  mM  dithiothreitol,  1  mM  phenylmethylsulfonyl  fluoride) 
and  once  with  0.1  M  KC1  D  buffer.  p53  was  eluted  from  the  washed 
beads  with  100  pi  of  421  epitope  oligopeptide  (KKGQSTSRHKK)  at  1 
mg/ml  concentration  in  0.1  m  KC1  D  buffer.  Recombinant  p53  was 
prepared  from  HeLa  cells  infected  with  recombinant  vaccinia  virus 
expressing  p53  (21)  as  described  above.  Proteins  were  analyzed  by 
SDS-PAGE  followed  by  Western  analysis  or  silver-staining  to  visualize 
bands. 

Detection  of  p53  Phosphorylation  and  Protein  Level  in  NB4  Cells — 
Two  ml  of  NB4  cells  at  106  cell/ml  were  labeled  with  [32P] orthophos¬ 
phate  (ICN)  in  phosphate-deficient  Dulbecco’s  modified  Eagle’s  medium 
(Life  Technologies,  Inc.)  and  then  incubated  for  1  h  followed  immedi¬ 
ately  by  bryostatin-1  treatment.  At  the  end  of  the  treatment,  the  cells 
were  washed  with  PBS  containing  100  pM  vanadate  and  lysed  by 
adding  0.5  ml  of  radioimmune  precipitation  buffer  (50  mM  Tris-HCl,  pH 
7.4,  150  mM  NaCl,  0.2  mM  Na3V04,  2  mM  EGTA,  25  mM  NaF,  1  mM 
phenylmethylsulfonyl  fluoride,  0.25%  sodium  deoxycholate,  1%  Nonidet 
P-40,  2  pg/ml  leupeptin,  2  pg/ml  aprotinin,  and  2  pg/ml  pepstatin).  The 
lysate  was  homogenized  by  a  Dounce  homogenizer  and  clarified  by 
centrifugation  at  14,000  X  g  for  15  min  at  4  °C.  The  supernatant  were 
then  incubated  overnight  at  4  °C  with  20  pi  of  packed  protein  A- 
Sepharose  beads  to  which  Pab  421,  an  antibody  specific  for  p53,  was 
covalently  linked.  The  immunoprecipitate  was  subjected  to  SDS-PAGE, 
and  the  labeled  proteins  were  visualized  with  a  Phosphorlmager  using 
Adobe  Photoshop  software.  To  determine  p53  protein  levels,  NB4  cells 
were  lysed  with  radioimmune  precipitation  buffer  as  described  above, 
and  the  protein  concentration  for  each  sample  was  measured.  Equiva¬ 
lent  amounts  of  cell  lysate  were  analyzed  by  SDS-PAGE  followed  by 
Western  blot  analysis  using  Pab  421. 

Detection  of  Activated  MAPK—  Phosphorylated  MAPK  was  detected 
by  immunoprecipitation  with  anti-phosphotyrosine  monoclonal  anti¬ 
body  followed  by  immunoblotting  using  anti-MAP  kinase  antibody  as 
described  (18).  Briefly,  2  X  106  NB4  cells  were  lysed  with  0.5  ml  of 
radioimmune  precipitation  buffer,  and  protein  concentration  was  deter¬ 
mined  with  a  protein  assay  kit  (Bio-Rad).  Supernatant  containing  an 
equivalent  amount  of  protein  from  each  sample  was  incubated  with  20 
jal  of  packed  agarose  beads  coupled  to  a  monoclonal  anti-phosphoty¬ 
rosine  antibody  (PT-66,  Sigma)  at  4  °C  overnight.  The  immunoprecipi¬ 
tate  was  then  analyzed  by  SDS-PAGE  followed  by  Western  analysis 
with  a  rabbit  anti-p42  MAPK  polyclonal  antibody  (Pab  C14,  Santa 
Cruz).  Equal  loading  of  MAP  kinase  protein  was  determined  by  West¬ 
ern  blot  analysis  using  anti-p42  MAPK  antibody. 

EMSA — An  oligonucleotide  probe  containing  the  ribosomal  gene 
cluster  (RGC)  p53-binding  site  was  used  containing  the  sequence  5'- 
AGCTTGCCTCGAGCTTGCCTGGACTTGCCTGGTCGACGC-3 ' .  Bind¬ 
ing  reactions  contained  60  mM  KC1,  12%  glycerol,  5  mM  MgCl2,  1  mM 
EDTA,  10  fig  bovine  serum  albumin,  0.2  fig  of  poly(d(G*C)),  600  cpm  of 
32P-labeled  probe  and  proteins  as  indicated,  and  water  in  a  total  volume 
of  12.5  pi.  Reactions  were  incubated  for  30  min  at  30  °C  and  then 
analyzed  on  a  3%  polyacrylamide  gel  containing  0.5  X  TBE  (0.045  mM 


Table  I 

Effect  of  PD98059  and  MG132  on  bryostatin-induced  cell 
differentiation 


Treatments 

Adherence 

Phagocytosis 

% 

% 

Control 

0.2 

0 

Bryostatin-1 

35 

21 

PD98059 

0.2 

0 

Bryostatin  +  PD 

3 

2 

MG132 

0.2 

0 

Bryostatin  +  MG 

0.2 

0 

Tris  borate,  0.045  mM  sodium  borate,  0.001  mM  EDTA,  pH  8.0).  The  gel 
was  dried,  and  DNA-protein  complexes  were  visualized  with  a  Phos¬ 
phorlmager  using  Adobe  Photoshop  software. 

Northern  Blot  Analysis — Total  RNA  was  isolated  using  TRIzol  rea¬ 
gent  (Life  Technologies,  Inc.)  according  to  the  manufacturer’s  instruc¬ 
tions.  Thirty  pg  of  total  RNA  was  subjected  to  electrophoresis  in  a  1.5% 
agarose  gel  and  transferred  to  a  MAGNA  nylon  transfer  membrane 
(Micron  Separations  Inc.).  A  1.3-kilobase  pair  DNA  fragment  corre¬ 
sponding  to  the  full-length  human  p53  gene  was  cut  from  plasmid 
pcDNA-p53  (22)  and  labeled  using  T7  QuickPrime  Kit  (Amersham 
Pharmacia  Biotech)  as  a  probe.  Northern  analysis  was  conducted  using 
a  standard  procedure  (23).  The  RNA  bands  were  visualized  with  a 
Phosphorlmager  using  Adobe  Photoshop  software.  The  membrane  was 
then  stripped  and  hybridized  with  a  glyceraldehyde  3-phosphate  dehy¬ 
drogenase  cDNA  probe  to  normalize  for  RNA  loading. 

Studies  of  Cell  Differentiation — To  examine  the  effect  of  bryostatin-1 
on  cell  adherence,  2  X  104  cells  were  seeded  in  a  24-well  plate.  Cells 
were  pretreated  with  Me2SO  control  or  5  pM  PD98059  or  1  pM  MG132 
for  30  min  and  then  treated  with  vehicle  or  5.6  nM  bryostatin-1  for  72  h. 
At  the  end  of  the  treatment,  cells  in  suspension  versus  those  adhered  to 
the  culture  plate  were  counted.  A  total  of  1000  cells  were  counted  for 
each  treatment,  and  adherence  was  expressed  as  a  percentage  of  ad¬ 
herent  cells  to  the  total  number  of  cells.  Phagocytosis  was  measured  by 
incubation  of  NB4  cells  with  latex  beads  (3  pm,  Sigma)  for  5  h  after  72  h 
treatment  of  cells  with  the  reagents  as  described  above.  Cells  were 
gently  washed  4  times  and  centrifuged  at  125  X  g  for  5  min  to  remove 
the  free  beads.  A  total  of  500  cells  were  counted  for  each  treatment,  and 
phagocytosis  was  expressed  as  the  percentage  of  bead-engulfing  cells  to 
total  cells.  Both  bead-engulfing  cells  and  total  cells  were  counted  under 
a  microscope  and  photographed. 

RESULTS 

p53  Hyperphosphorylation  and  Reduction  in  NB4  Cell  Dif¬ 
ferentiation — To  determine  whether  the  p53  pathway  is  in¬ 
volved  in  NB4  cell  differentiation,  we  first  investigated 
whether  the  phosphorylation  status  of  p53  was  altered  in  re¬ 
sponse  to  bryostatin  treatment.  NB4  cells  have  been  character¬ 
ized  with  respect  to  differentiation  induced  by  bryostatin-1 
(Ref.  17;  also  see  Fig.  5  and  Table  I).  Initial  experiments  sug¬ 
gested  that  treatment  with  5.6  and  56  nM  bryostatin-1  induced 
differentiation.  Therefore,  NB4  cells  were  metabolically  labeled 
with  32Pi  and  immediately  treated  with  0,  0.56,  5.6,  or  56  nM 
bryostatin-1.  From  each  treatment,  lysate  containing  equiva¬ 
lent  amounts  of  protein  was  immunoprecipitated  with  anti-p53 
antibody.  After  electrophoresis,  the  amount  of  phosphorylation 
of  p53  was  analyzed  by  autoradiography  (Fig.  1A).  In  the  ab¬ 
sence  of  bryostatin-1,  p53  protein  showed  basal  levels  of  phos¬ 
phorylation,  which  is  as  expected  for  a  phosphoprotein.  The 
addition  of  bryostatin-1,  however,  resulted  in  an  increase  in 
phosphorylation  above  this  basal  level.  The  maximum  level  of 
phosphorylation  was  observed  after  treatment  with  5.6  and  56 
nM  bryostatin-1  (Fig.  1A).  It  was  also  demonstrated  that  the 
maximum  level  of  phosphorylation  was  obtained  30  min  after 
bryostatin  treatment  (Fig.  LB).  A  control  Western  analysis  was 
performed  to  ensure  the  equivalent  amounts  of  p53  protein 
present  in  each  sample  (data  not  shown).  Consequently,  these 
results  indicate  that  p53  becomes  hyperphosphorylated  after 
bryostatin  treatment  in  a  dose-  and  time-dependent  manner. 

Next  we  asked  whether  bryostatin-1  would  affect  p53  protein 
levels,  as  it  has  been  previously  suggested  that  the  phospho- 
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Fig.  1.  Treatment  with  bryostatin-1  induces  p53  protein  phos¬ 
phorylation  and  reduction  in  NB4  cells.  NB4  cells  were  labeled 
with  [32P]  orthophosphate  and  were  treated  with  control  or  with  bryo- 
statin-1  at  various  concentrations  as  indicated  for  30  min  (A)  or  treated 
with  5.6  nM  bryostatin-1  for  various  time  periods  as  indicated  (B).  Cells 
extracts  were  then  prepared,  and  p53  protein  was  immunoprecipitated 
using  p53  antibody.  Protein  samples  were  resolved  by  electrophoresis 
on  a  SDS-PAGE  gel  and  visualized  by  autoradiography.  C,  to  study  p53 
protein  reduction  NB4,  cells  were  treated  with  various  concentrations 
of  bryostatin-1  as  indicated  for  12  h.  Cells  extracts  were  then  prepared, 
and  Western  blot  analysis  was  performed  with  anti-p53  antibody  ( top 
panel).  Equal  loading  of  protein  from  crude  extract  was  verified  by 
Coomassie  Blue  staining  ( bottom  panel). 


rylation  status  of  p53  may  be  involved  in  its  targeting  for 
degradation.  The  NB4  cells  were  treated  with  increasing 
amounts  of  bryostatin-1  or  control  vehicle,  and  the  resulting 
p53  protein  level  was  analyzed  by  Western  analysis  (Fig.  1C).  It 
was  anticipated  that  the  hyperphosphorylation  of  p53  would 
result  in  an  increase  in  p53  protein  levels  as  phosphatase 
inhibitor  treatment  results  in  an  accumulation  of  high  levels  of 
wild-type  p53  (12).  Surprisingly,  however,  treatment  of  cells 
with  5.6  and  56  nM  brystatin-1  significantly  reduced  p53  pro¬ 
tein  levels.  Treatment  with  0.056  and  0.56  nM  bryostatin-1  had 
little  effect.  Coomassie  Blue  staining  of  major  representative 
bands  indicated  that  equivalent  amounts  of  protein  were  pres¬ 
ent  (Fig.  1C,  lower  panel).  These  results  suggest  that  treatment 
with  bryostatin-1  decreases  p53  protein  levels  in  NB4  cells. 
Furthermore,  the  results  indicate  that  the  concentrations  of 
bryostatin-1  sufficient  to  increase  p53  phosphorylation  (5.6  and 
56  nM)  are  the  same  as  those  required  to  decrease  p53  protein 
levels.  Similarly,  those  bryostatin  concentrations  that  had  little 
effect  on  p53  phosphorylation  were  also  not  effective  in  reduc¬ 
ing  the  protein  levels.  We  interpret  this  correlation  to  indicate 
that  hyperphosphorylation  of  p53  might  be  involved  in  the 
reduction  of  p53  protein  levels.  It  is  particularly  interesting  to 
note  that  treatment  of  NB4  cells  with  bryostatin-1  at  concen¬ 


trations  of  5.6  and  56  nM  but  not  at  0.56  nM  has  been  shown  to 
induce  differentiation  (Fig.  5  and  Table  I).2 

MAPK  Pathway  Is  Involved  in  p53  Hyperphosphorylation 
and  Reduction  in  p53  Protein  Levels — We  have  shown  that 
MAPK  is  activated  in  NB4  cells  after  bryostatin  treatment,2 
which  raised  the  possibility  that  the  MAPK  pathway  might  be 
involved  in  p53  hyperphosphorylation  and  protein  reduction. 
To  address  this  question,  a  specific  MAPK  pathway  inhibitor, 
PD98059  (24),  was  employed.  Phosphorylation  of  MAPK  can  be 
blocked  in  a  dose-dependent  manner  by  this  inhibitor,  but  it  is 
maximally  effective  at  a  concentration  of  5  pM.  Five  min  after 
treating  NB4  cells  with  5.6  nM  bryostatin-1,  phosphorylation  of 
MAPK  (p44  and  p42)  was  significantly  increased  in  the  absence 
of  inhibitor  (Fig.  2A).  When  5  pM  PD98059  was  included  with 
the  bryostatin-1  treatment,  no  detectable  increase  in  MAPK 
phosphorylation  was  found.  This  result  confirms  that  PD98059 
can  block  bryostatin-induced  MAPK  activation  in  this  cell  line. 
We  next  examined  whether  PD98059  was  able  to  block  p53 
hyperphosphorylation  and  protein  reduction.  Fig.  2 B  shows 
that  treatment  with  5.6  nM  bryostatin-1  increased  phosphoryl¬ 
ation  of  p53  and  that  concurrent  treatment  with  PD98059 
blocked  this  bryostatin-induced  p53  hyperphosphorylation  in  a 
dose-dependent  manner.  This  is  consistent  with  the  hypothesis 
that  MAPK  is  involved  in  the  bryostatin-induced  phosphoryl¬ 
ation  of  p53.  Importantly,  treatment  with  PD98059  also  inhib¬ 
ited  bryostatin-induced  p53  protein  reduction  (Fig.  2 C).  Coo¬ 
massie  Blue  staining  of  major  representative  bands  indicated 
that  equivalent  amounts  of  protein  were  present  (Fig.  2C,  lower 
panel).  Consequently,  our  data  demonstrate  that  the  MAPK 
pathway  is  involved  in  p53  hyperphosphorylation  and  in  the 
reduction  in  p53  protein  levels.  Although  direct  phosphoryla¬ 
tion  of  p53  by  the  MAPK  pathway  remains  to  be  elucidated,  it 
is  clear  that  MAPK  is  involved.  In  addition,  these  results  sug¬ 
gest  that  p53  hyperphosphorylation  might  be  associated  with  a 
reduction  in  p53  protein  levels. 

Reduction  in  p53  Protein  Levels  Is  Mediated  by  Ubiquitinl 
Proteasome  Pathway — We  next  asked  if  the  reduction  in  p53 
protein  levels  was  because  of  protein  degradation.  To  address 
this  question,  we  examined  the  steady  state  level  of  p53  mRNA 
by  Northern  analysis.  NB4  cells  were  treated  with  either  5.6  nM 
brystatin-1  or  control  vehicle,  and  mRNA  was  extracted  at 
various  time  points  as  indicated  (Fig.  3,  top).  As  a  control  to 
ensure  equal  loading  of  RNA,  a  probe  specific  for  glyceralde- 
hyde  3-phosphate  dehydrogenase  was  used  (Fig.  3,  bottom). 
Our  results  demonstrate  that  the  reduction  in  p53  protein 
levels  was  not  caused  by  a  decrease  in  p53  mRNA  levels.  This 
implied  that  the  reduction  in  p53  protein  levels  might  be 
caused  by  a  decrease  in  protein  stability. 

To  test  this  hypothesis,  sodium  borohydride  (NaBH4),  an 
inhibitor  of  ubiquitin  COOH-terminal  hydrolase,  was  used  to 
determine  whether  an  inhibition  of  the  ubiquitin/proteasome 
pathway  would  block  the  bryostatin-induced  decrease  in  p53 
protein  levels.  Ubiquitin  COOH-terminal  hydrolase  is  required 
for  the  generation  of  the  functional  monomeric  form  of  ubiq¬ 
uitin  (25)  and  is  suggested  to  play  a  role  in  bryostatin-induced 
Reh  cell  differentiation  (26).  Our  results  show  that  bryostatin- 
induced  p53  reduction  was  completely  inhibited  by  sodium 
borohydride  (Fig.  3 B).  As  proteasomes  play  a  key  role  in  protein 
degradation,  we  then  tested  whether  a  proteasome  inhibitor, 
MG132,  could  inhibit  p53  degradation.  Fig.  3B  shows  that,  like 
sodium  borohydride,  MG132  also  blocks  bryostatin-induced 
p53  reduction.  Taken  together,  these  results  suggest  that  the 
MAPK-mediated  decrease  in  p53  protein  levels  is  not  caused  by 
decreased  gene  transcription  but  by  ubiquitin/proteasome-de- 
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Fig.  2.  MAP  kinase  is  involved  in  p53  phosphorylation  and 
degradation  in  NB4  cells.  A ,  after  a  30-min  preincubation  in  the 
presence  or  absence  of  MAPK  pathway  inhibitor  PD98059,  NB4  cells 
were  treated  with  control  or  5.6  nM  bryostatin-1  (Bry)  for  5  min.  Cells 
extracts  were  then  prepared,  tyrosine-phosphorylated  proteins  were 
immunoprecipitated  with  anti-phosphotyrosine  antibody,  and  protein 
samples  were  resolved  by  electrophoresis  on  a  SDS-PAGE  gel.  Western 
blotting  was  then  performed  with  anti-MAP  kinase  antibody  ( top  pan¬ 
el).  To  determine  total  levels  of  MAPK  protein  present  in  the  cells, 
Western  blotting  with  anti-MAP  kinase  antibody  was  performed  on  cell 
extracts  (bottom  panel).  B,  NB4  cells  were  labeled  with  [32P]  orthophos¬ 
phate,  PD98059  was  added  at  various  concentrations  as  indicated, 
either  in  the  presence  or  absence  of  5.6  nM  bryostatin-1,  and  incubation 
was  continued  for  a  further  30  min.  Cells  extracts  were  then  prepared, 
and  p53  protein  was  immunoprecipitated.  Protein  samples  were  re¬ 
solved  by  electrophoresis  on  a  SDS-PAGE  gel  and  visualized  by  auto¬ 
radiography.  C,  NB4  cells  were  preincubated  with  PD98059  at  various 
concentrations  as  indicated,  after  which  control  or  5.6  nM  bryostatin-1 
was  added,  and  incubation  was  continued  for  12  h.  Cells  extracts  were 
then  prepared,  and  Western  blotting  was  performed  with  anti-p53 
antibody.  Equal  loading  of  protein  from  crude  extract  was  verified  by 
Coomassie  Blue  staining  (bottom  panel). 


pendent  protein  degradation. 

p53  from  NB4  Cells  Is  Incapable  of  Binding  DNA — In  an 
effort  to  assess  the  functional  significance  of  MAPK-mediated 
p53  phosphorylation  and  degradation  in  NB4  cell  differentia¬ 
tion,  we  tested  the  ability  of  p53  purified  from  NB4  cells  to  bind 
DNA  using  EMSA.  p53  was  purified  from  nuclear  extracts 
prepared  from  NB4  cells  using  anti-p53  antibody,  Pab  421  (Fig. 
4A,  lane  2).  This  antibody  recognizes  an  epitope  in  the  carboxyl 
terminus  of  p53  and  is  thought  to  convert  p53  from  its  latent  to 
its  active  state  and  thereby  significantly  increase  its  DNA 
binding  activity  (27).  Vaccinia  virus  expressed  epitope-tagged 
human  p53  purified  from  HeLa  cells  using  the  same  antibody 
was  used  as  a  control  (vep53,  Fig.  4A,  lane  1).  When  a  DNA 
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Fig.  3.  The  reduction  in  p53  protein  levels  is  because  of  pro¬ 
tein  degradation.  A,  NB4  cells  were  treated  with  control  vehicle  or 
with  bryostatin-1  at  various  concentrations  as  indicated  for  6  or  12  h, 
after  which  total  RNA  was  extracted.  Thirty  pg  of  total  RNA  from  each 
sample  were  subjected  to  Northern  blot  analysis  using  a  probe  specific 
for  p53  mRNA  (upper  panel).  To  ensure  equal  loading  of  RNA,  the 
membrane  was  stripped  and  re-incubated  with  a  probe  specific  for 
glycer aldehyde  3 -phosphate  dehydrogenase  (GAPDH)  mRNA  B,  to 
study  the  effect  of  inhibitors  of  the  ubiquitin/proteosome  pathway  on 
bryostatin- 1-induced  p53  degradation,  NB4  cells  were  preincubated 
with  sodium  borohydride  (NaBH4)  or  MG132  for  30  min,  after  which  5.6 
nM  bryostatin-1  was  added,  and  incubation  was  continued  for  12  h. 
Cells  extracts  were  then  prepared,  and  Western  blotting  was  performed 
with  anti-p53  antibody. 
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Fig.  4.  p53  purified  from  NB4  cells  fails  to  bind  to  DNA  in 
EMSA.  A,  vaccinia  virus  expressed  human  p53  (vep53)  purified  from 
HeLa  cell  extracts  and  endogenous  p53  purified  from  NB4  cell  extracts 
were  subjected  to  electrophoresis  on  a  SDS-PAGE  gel  and  visualized  by 
silver  staining.  £,  in  EMSA,  radiolabeled  probe  containing  the  p53  site 
from  the  ribosomal  gene  cluster  was  incubated  with  approximately  50, 
75,  or  100  ng  of  p53  purified  from  NB4  cells  (lanes  2-4)  or  20  ng  of  vep53 
(lane  5)  before  electrophoresis  on  a  3%  polyacrylamide  gel.  The  position 
of  vep53  and  p53  expressed  from  the  endogenous  genes  are  shown.  MW, 
molecular  mass. 

probe  containing  the  p53  cis  element  identified  in  the  ribosomal 
gene  cluster  was  incubated  with  vep53,  a  shifted  band  was 
observed  (Fig.  4Bf  lane  5).  This  band  was  supershifted  by  the 
addition  of  anti-p53  antibody  N-19  (Santa  Cruz),  and  the  ad¬ 
dition  of  a  100-fold  excess  of  cold  ribosomal  gene  cluster  DNA 
fragment  was  sufficient  to  inhibit  its  formation,  suggesting 
that  this  band  was  p53-specific  (data  not  shown).  In  compari¬ 
son  to  wild-type  p53,  p53  purified  from  NB4  cells  had  a  signif¬ 
icantly  reduced  affinity  for  DNA  binding.  The  inability  of  this 
p53  to  bind  DNA  suggests  that  either  mutations  exist  within 
the  protein  or  that  the  protein  has  been  inactivated  by  post- 
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Fig.  5.  MAPK-mediated  p53  degradation  is  associated  with 
cell  differentiation.  NB4  cells  were  treated  with  control  (A),  5.6  nM 
bryostatin-1  ( B ),  5  /xM  PD98059  (C),  bryostatin-1  and  PD98059  (£>),  1  /xM 
MG132  (F),  bryostatin-1  and  MG132  ( F)  for  72  h.  After  each  treatment, 
phagocytosis  and  cell  adherence,  the  markers  for  NB4  cell  differentia¬ 
tion,  were  measured  by  incubation  of  NB4  cells  with  latex  beads  for  5  h, 
and  the  cells  were  photographed  with  400  X  magnification  using  a 
Nikon  microscope. 

translational  modification.  Regardless  of  the  nature  of  the  al¬ 
teration,  these  results  establish  that  p53  in  NB4  cells  is  unable 
to  bind  DNA.  It  may  be,  therefore,  that  degradation  of  this 
DNA  binding-impaired  form  of  p53  is  associated  with  NB4  cell 
differentiation. 

MAPK-mediated  p53  Degradation  Is  Associated  with  Bryo- 
statin-induced  NB4  Cell  Differentiation — To  demonstrate  the 
physiological  significance  of  the  p53  degradation  in  NB4  cell 
differentiation,  we  tested  whether  the  proteasome  inhibitor, 
MG132,  would  block  bryo statin-induced  differentiation.  Un¬ 
treated  NB4  cells  grow  as  a  suspension  and  contain  nonadher¬ 
ent  cells  (Fig.  5A).  When  treated  with  5.6  nM  bryostatin-1,  35% 
of  the  cells  become  attached  to  the  surface  of  the  culture  plate 
(Table  I),  and  21%  exhibit  a  morphology  related  to  monocyte/ 
macrophages  (Fig,  5 B),  which  is  the  marker  for  NB4  cell  dif¬ 
ferentiation.  In  contrast,  concurrent  treatment  with  MG132 
blocked  both  the  bryostatin-induced  cell  adherence  (Table  I) 
and  phagocytotic  activities  (Fig.  5 F),  suggesting  that  inhibition 
of  the  ubiquitin/proteasome  pathway  blocked  NB4  cell  differ¬ 
entiation.  Treatment  with  MG132  alone  had  little  effect  on 
NB4  cell  differentiation  (Fig.  5 E  and  Table  I)  or  cell  viability 
(data  not  shown). 

The  observation  that  the  MAPK  pathway  is  involved  in  phos¬ 
phorylation/degradation  of  a  mutant  form  of  p53  suggested 
that  the  MAPK  pathway  might  be  involved  in  cell  differentia¬ 
tion.  Therefore,  we  tested  whether  the  MAPK  pathway  inhib¬ 
itor,  PD98059,  could  inhibit  bryostatin-induced  NB4  cell  differ¬ 
entiation  under  the  same  conditions  that  were  sufficient  to 
induce  p53  phosphorylation/degradation.  Concurrent  treat¬ 
ment  of  NB4  cells  with  bryostatin-1  and  5  fi m  PD98059  blocked 


the  bryostatin-induced  cell  adherence  (Table  I)  and  phagocy¬ 
totic  activities  (Fig.  5 Z)),  suggesting  that  inhibition  of  MAPK 
blocked  NB4  cell  differentiation.  Treatment  with  5  pM 
PD98059  alone  had  no  effect  on  NB4  cell  differentiation  (Fig. 
5 C  and  Table  I)  or  cell  viability  (data  not  shown).  This  obser¬ 
vation  supports  the  view  that  the  MAPK  pathway  is  involved  in 
bryostatin-induced  NB4  cell  differentiation.  The  critical  re¬ 
quirement  for  MAPK  in  differentiation  coupled  with  the  dem¬ 
onstration  that  MAPK  is  involved  in  phosphorylation/protein 
degradation  of  a  mutant  p53  suggests  that  degradation  of  mu¬ 
tant  p53  may  possibly  play  a  role  in  cell  differentiation. 

DISCUSSION 

A  requisite  first  step  toward  understanding  the  molecular 
mechanism  for  cell  differentiation  and  proliferation  is  to  iden¬ 
tify  the  signal  transduction  pathways  and  the  cellular  targets 
of  those  pathways  involved  in  these  processes.  In  this  paper  we 
present  biochemical  evidence  that  indicates  that  the  MAPK 
pathway,  required  for  bryostatin-induced  cell  differentiation, 
induces  p53  hyperphosphorylation,  which  subsequently  re¬ 
duces  p53  protein  stability.  This  observation  is  particularly 
significant  because  an  altered  form  of  p53,  unable  to  bind  DNA 
in  vitro ,  is  overexpressed  in  NB4  cells.  It  has  been  suggested 
that  mutant  p53  may  gain  a  function  such  that  it  can  promote 
tumorigenicity  in  various  cells.  Consequently,  degradation  of 
mutant  p53  protein  may  result  in  a  reduction  of  tumorigenicity. 
Taken  together,  our  results  indicate  that  an  altered  form  of  p53 
is  hyperphosphorylated  via  the  MAPK  pathway  and  subse¬ 
quently  degraded.  Although  a  direct  cause  and  effect  relation¬ 
ship  is  yet  to  be  established,  our  findings  indicate  that  a  reduc¬ 
tion  in  mutant  p53  levels  may  contribute  to  cell  differentiation. 

Phosphorylation  is  one  potential  mechanism  by  which  cells 
might  regulate  p53  protein  levels  and,  hence,  its  antiprolifera¬ 
tion  activity.  Experiments  in  vivo  have  clearly  demonstrated 
that  p53  is  a  phosphoprotein  on  which  multiple  phosphoryla¬ 
tion  sites  have  been  identified  (1).  In  comparison  to  wild-type 
p53,  literature  relating  to  the  phosphorylation  of  mutant  p53 
and  the  control  of  its  protein  level  is  limited.  In  this  study  we 
provide  in  vivo  evidence  that  a  form  of  p53  which  is  incapable 
of  binding  DNA  is  hyperphosphorylated  and  subsequently  de¬ 
graded  via  the  MAPK  pathway,  although  it  is  not  clear  from 
these  experiments  whether  MAPK  phosphorylates  this  DNA 
binding-impaired  form  of  p53  directly  or  whether  additional 
kinases  are  required.  Furthermore,  our  results  suggest  that 
phosphorylation  of  p53  leads  to  a  reduction  in  protein  stability 
mediated  by  the  ubiquitin/proteasome  pathway. 

The  observation  of  a  reduction  in  protein  stability  after  phos¬ 
phorylation  is  in  contrast  to  previous  reports  in  which  phos¬ 
phorylation  of  p53  led  to  an  increase  in  its  stability  (12,  28). 
However,  in  agreement  with  our  findings,  two  proto-oncogene- 
encoded  transcription  factors,  c-Jun  and  BCL-6,  have  also  been 
shown  to  be  degraded  after  phosphorylation  by  MAPK  (29-30). 
Thus,  degradation  of  oncogene  products,  including  mutant  p53, 
may  represent  a  general  mechanism  by  which  the  MAPK  path¬ 
way  controls  cell  function.  Reduction  of  p53  protein  levels  was 
observed  12  h  after  bryostatin  treatment,  which  is  slower  than 
the  2  h  reported  for  BCL  and  c-Jun.  It  is  possible  that  MAPK 
may  mediate  a  second  signal  required  for  the  reduction  of  p53 
protein  levels.  Nevertheless,  our  data  show  that  a  strong 
correlation  exists  between  p53  protein  phosphorylation  and 
stability. 

The  finding  that  mutant  p53  is  phosphorylated  via  the 
MAPK  pathway  and  subsequently  degraded  has  several  impli¬ 
cations  when  considering  the  model  in  which  mutations  in  p53 
lead  to  a  gain  of  function  that  promotes  tumorigenicity.  First, 
overexpression  of  mutant  p53  in  pre-B  (31),  fibroblast  (5),  and 
osteosarcoma  cells  (32)  has  been  shown  to  dramatically  en- 
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hance  the  tumorigenicity  of  these  cells.  Reduction  in  p53  pro¬ 
tein  levels,  therefore,  may  be  of  significance  in  preventing  cell 
proliferation.  Indeed,  our  data  demonstrate  a  strong  correla¬ 
tion  between  protein  degradation  and  cell  differentiation.  Sec¬ 
ond,  the  high  frequency  of  p53  mutations  in  human  cancers 
warrants  a  detailed  analysis  of  the  molecular  mechanisms  of 
the  gain  of  function  of  mutant  p53  and  the  signals  that  may 
regulate  this  function.  In  this  paper  we  go  some  way  toward 
this  goal  by  presenting  evidence  that  the  MAPK  pathway  is 
involved  in  degradation  of  the  DNA  binding-impaired  form  of 
p53  and  by  correlating  this  function  with  NB4  cell  differentia¬ 
tion.  Finally,  a  significant  research  effort  is  concerned  with 
finding  strategies  to  inactivate  mutant  p53.  In  light  of  the 
results  presented  here,  it  may  also  be  effective  to  develop 
therapies  designed  to  reduce  mutant  p53  protein  levels. 
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Simian  virus  40  (SV40)  large  tumor  antigen  (T  antigen)  has  been  shown  to  inhibit  p53-dependent  tran¬ 
scription  by  preventing  p53  from  binding  to  its  cognate  cis  element.  Data  presented  in  this  report  provide  the 
first  direct  functional  evidence  that  T  antigen,  under  certain  conditions,  may  also  repress  p53-dependent 
transcription  by  a  mechanism  in  which  the  trans activation  domain  of  p53  is  abrogated  while  DNA  binding  is 
unaffected.  Specifically,  p53  purified  as  a  complex  with  T  antigen  from  mouse  cells  was  found  to  bind  DNA  as 
a  transcriptionally  inactive  intact  complex,  while  that  purified  from  human  cells  was  found  to  bind  DNA 
independently  of  T  antigen  and  could  activate  p53-dependent  transcription.  This  difference  in  activity  may  be 
dependent  on  a  different  interaction  of  T  antigen  with  mouse  and  human  p53  and,  in  addition,  on  the  presence 
of  super  T,  which  is  found  only  in  transformed  rodent  cells.  These  results  suggest  that  subtle  yet  important 
differences  exist  between  the  inhibition  of  p53  by  T  antigen  in  mouse  and  human  cells.  The  implications  of  this 
finding  with  respect  to  SV40-associated  malignancies  are  discussed. 


p53  is  an  important  tumor  suppressor  gene,  found  to  be 
mutated  or  absent  in  over  50%  of  all  cancers  studied  (23).  It 
functions  as  a  sequence-specific  DNA-binding  transcription 
factor  (21,  24).  In  response  to  double-stranded  DNA  breaks, 
p53  is  converted  from  a  latent  to  an  active  form  (17).  This 
results  in  increased  expression  of  p53-responsive  proteins  such 
as  p21  which  are  required  for  growth  arrest  at  the  Gj-to-S 
phase  transition  (12).  It  also  mediates  apoptosis  via  the  in¬ 
creased  expression  of  proteins  such  as  Bax  (30).  Inactivation  of 
p53,  therefore,  results  in  the  loss  of  a  cell  cycle  checkpoint 
required  for  repair  of  damaged  DNA  and  prevents  apoptosis  in 
response  to  severe  DNA  damage.  In  the  absence  of  these 
responses,  oncogenic  mutations  which  may  result  in  tumor 
progression  can  accumulate.  From  the  above,  it  is  clear  that  the 
transcriptional  activation  function  of  p53  is  critical  to  its  role  as 
a  tumor  suppressor. 

A  number  of  proteins  bind  to  p53  and  negatively  affect  its 
transcriptional  activity.  The  cellular  oncoprotein  MDM2  has 
been  shown  to  inhibit  p53  via  three  different  mechanisms. 
First,  when  bound  to  p53,  MDM2  conceals  the  activation  do¬ 
main  of  p53  from  the  transcription  machinery,  thereby  indi¬ 
rectly  repressing  p53-dependent  transcription  (32).  Second,  it 
has  been  found  to  promote  the  rapid  degradation  of  p53  via  a 
ubiquitin-proteosome  pathway,  resulting  in  decreased  levels  of 
p53  available  to  activate  transcription  (15,  22).  Finally,  MDM2 
may  itself  function  as  an  active  repressor  of  transcription, 
which,  via  its  interaction  with  p53,  represses  p53-responsive 
genes  (39). 

Proteins  encoded  by  DNA  tumor  viruses  also  inhibit  p53 
activity  in  similar  ways.  The  human  papillomavirus  type  16  E6 
protein  forms  a  complex  with  p53,  thus  promoting  its  poly- 
ubiquitination  and  subsequent  degradation  (35,  38).  The  ade¬ 
novirus  early  IB  (E1B)  55K  protein,  a  transcriptional  repres¬ 
sor,  binds  to  p53  and  is  thereby  targeted  to  p53-responsive 
genes  (41).  The  large  tumor  antigen  (T  antigen)  of  simian  virus 
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40  (SV40)  also  forms  with  p53  a  complex  that  inhibits  p53 
function  in  SV40-infected  and  SV40-transformed  cells.  Exper¬ 
iments  performed  with  baculovirus-expressed  human  p53  and 
T  antigen  led  Bargonetti  et  al.  (1)  to  propose  that  T  antigen 
inhibits  p53  function  by  preventing  it  from  binding  to  its  cog¬ 
nate  cis  element.  Furthermore,  Segawa  et  al.  (36)  reported 
similar  results  when  they  examined  the  DNA-binding  activity 
of  p53  in  crude  nuclear  extracts  isolated  from  a  human  p53  null 
cell  line  transiently  transfected  with  plasmids  expressing  p53 
and  T  antigen;  in  addition,  when  baculovirus-expressed  T  an¬ 
tigen  was  added  to  a  mouse  cell  lysate  containing  wild-type 
p53,  DNA  binding  was  abolished.  Taken  together,  data  derived 
from  these  experiments  support  the  model  in  which  T  antigen 
inhibits  p53  function  by  preventing  it  from  binding  to  DNA. 

T  antigen  is  often  found  as  a  90-kDa  protein  in  the  nuclei  of 
SV40-infected  and/or  -transformed  cells.  However,  higher-mo¬ 
lecular-weight  forms  of  T  antigen,  designated  super  T,  have 
also  been  detected  in  SV40-transformed  rodent  cell  lines  (37). 
Forms  of  super  T  are  reported  to  arise  from  internal  in-phase 
duplications  in  the  coding  region  of  the  T-antigen  gene  (28, 29) 
or,  as  is  the  case  for  a  commonly  occurring  100-kDa  form,  by 
differential  splicing  between  two  integrated  partial  copies  of 
the  T-antigen  gene  (25).  The  duplication  which  forms  the  100- 
kDa  protein  includes  the  first  exon,  the  intron,  and  part  of  the 
second  exon  upstream  of  the  complete  coding  sequence  for  the 
T-antigen  gene.  It  is  proposed  that  transcription  starts  at  the 
upstream  copy  of  T  antigen  and  continues  through  the  host 
DNA  and  into  the  full-length  copy  of  the  gene.  The  long 
primary  transcript  is  spliced,  but  a  short  region  of  extra  RNA, 
possibly  from  the  first  copy  of  the  duplicated  control  region,  is 
retained  and  encodes  the  extra  amino  acids  present  in  the 
100-kDa  super-T  protein  (25).  The  presence  of  super  T  was 
found  to  correlate  with  anchorage-independent  growth  in 
mouse  cell  lines  (2,  6).  Despite  the  compelling  effect  of  super 
T  in  transformation,  the  molecular  mechanism  by  which  super 
T  functions  to  inhibit  p53-dependent  transcription  remains  to 
be  elucidated. 

In  the  present  study,  we  show  that  p53  immunopurified  from 
a  human  cell  line  and  a  monkey  cell  line  copurifies  with  T 
antigen,  while  that  purified  from  two  mouse  cell  lines  copuri- 
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lies  with  a  100-kDa  form  of  super  T.  When  purified  from 
mouse  cells,  the  p53-T  antigen  complex  can  bind  specifically  to 
DNA  in  electrophoretic  mobility  shift  analysis  (EMSA).  How¬ 
ever,  despite  this  DNA-binding  activity,  the  complex  is  not 
capable  of  activating  p53-dependent  transcription  in  vitro. 
Therefore,  our  data  suggest  that  in  mouse  cell  lines,  T  antigen/ 
super  T  abrogates  the  transactivation  domain  of  p53  and  does 
not  affect  DNA  binding.  When  purified  from  either  a  human  or 
a  monkey  cell  line,  the  p53-T  antigen  complex  also  binds  spe¬ 
cifically  to  DNA  in  EMSA,  but  surprisingly  T  antigen  is  not 
present  in  the  resulting  shifted  complex  and  hence  this  com¬ 
plex  can  support  p53-dependent  transcription  in  vitro.  This 
finding  suggests  that  in  human  and  monkey  cells,  p53  may  not 
be  inhibited  by  T  antigen.  The  different  activities  of  the  p53-T 
antigen  complex  purified  from  mouse  cell  lines  and  from  hu¬ 
man  and  monkey  cell  lines  were  found  to  be  dependent  on  a 
different  interaction  of  T  antigen  with  mouse  and  human  p53 
and,  in  addition,  possibly  on  the  presence  of  super  T.  These 
results  suggest  for  the  first  time  the  existence  of  subtle  differ¬ 
ences  between  the  inhibition  of  p53  by  T  antigen  in  human  and 
mouse  cells  that  may  have  physiologically  significant  conse¬ 
quences. 

MATERIALS  AND  METHODS 

Protein  purification.  p53-T  antigen  complex  was  immunopurified  from  nuclear 
extracts  prepared  by  the  method  of  Dignam  et  al.  (11).  One  milliliter  of  nuclear 
extract  (7  mg  of  protein/ml)  was  incubated  for  3  h  at  4°C  with  100  pd  of  packed 
protein  A-Sepharose  beads  to  which  Pab  421,  a  monoclonal  antibody  specific  for 
p53,  was  covalently  linked.  Beads  were  washed  twice  with  0.5  M  KC1 D  buffer  (20 
mM  HEPES  [pH  7.9],  20%  glycerol,  0.2  mM  EDTA,  1  mM  dithiothreitol,  1  mM 
phenylmethylsulfonyl  fluoride)  and  once  with  0.1  M  KCI D  buffer.  p53  was  eluted 
from  the  washed  beads  with  100  |xl  of  421  epitope  oligopeptide  (KKGQSTSR 
HKK)  at  1  mg/ml  in  0.1  M  KCI  D  buffer.  p53-T  antigen  complex  was  also  purified 
by  using  beads  to  which  Pab  108,  a  monoclonal  antibody  specific  for  T  antigen, 
was  covalently  linked.  In  this  case  the  complex  was  eluted  with  EG  (ethylene 
glycol)  buffer  (50%  EG,  0.5  M  NaCl,  10%  glycerol,  20  mM  Tris  HC1  [pH  8.5],  1 
mM  EDTA)  and  dialyzed  overnight  against  0.1  M  KCI  D  buffer.  To  purify  p53 
in  the  absence  of  T  antigen,  Pab  421  anti-p53  beads  were  incubated  with  nuclear 
extract  and  washed  as  described  above.  T  antigen  was  eluted  from  the  bound  p53 
by  two  10-min  washes  in  0.1  ml  of  2  M  urea  in  0.1  M  KCI  D  buffer.  The 
T-antigen-containing  supernatant  was  dialyzed  overnight  against  0.1  M  KCI  D 
buffer.  The  remaining  beads  were  washed  overnight  with  0.1  M  KCI  D  buffer, 
after  which  p53  was  eluted  as  described  above.  To  immunodeplete  the  Pab 
421-purified  complex,  a  volume  of  covalently  linked  Pab  108  beads  equal  to 
one-fifth  of  the  protein  sample  volume  was  added,  and  incubation  was  carried 
out  for  3  h  at  4°C  with  gentle  rotation.  The  supernatant  was  retained  and 
incubated  with  fresh  Pab  108  beads  for  a  further  3  h,  after  which  the  supernatant 
was  collected.  A  control  human  p53  (no  T  antigen  present)  was  prepared  from 
HeLa  cells  infected  with  recombinant  vaccinia  virus  expressing  p53  as  described 
previously  (26)  and  purified  with  Pab  421  anti-p53  beads  as  described  above. 
Recombinant  T  antigen  was  prepared  from  Spodoptera  frugiperda  SF21  insect 
cells  infected  with  recombinant  baculovirus  (a  gift  from  C.  Prives,  Columbia 
University)  as  described  by  Bargonetti  et  al.  (1).  Proteins  were  analyzed  by 
electrophoresis  on  10%  sodium  dodecyl  sulfate  (SDS) -polyacrylamide  gels  which 
were  subjected  to  Western  blotting  or  were  silver  stained  to  visualize  bands. 

EMSA.  The  sequence  of  the  oligonucleotide  probe  containing  the  ribosomal 
gene  cluster  (RGC)  p53-binding  site  is  5'-AGCTTGCCTCGAGCTTGCCTGG 
ACTTGCCTGGTCGACGC-3 the  sequence  of  that  containing  the  p53-binding 
site  from  the  p21  promoter  is  5 ' -AGCTTAATTCTCG AGGAACATGTCCCA 
ACATGTTGCTCGAGG-3 ' .  Probes  were  labeled  with  the  Klenow  fragment  of 
Escherichia  coli  DNA  polymerase.  When  required,  preincubation  reactions  were 
performed  for  20  min  at  4°C  prior  to  EMSA.  Binding  reaction  mixtures  con¬ 
tained  60  mM  KCI,  12%  glycerol,  5  mM  MgCl2, 1  mM  EDTA,  0.1  p.g  of  bovine 
serum  albumin,  0.5  |xg  of  poly(dG-dC),  200  pg  of  32P-labeled  probe,  proteins  and 
antibodies  as  indicated,  and  water  in  a  total  volume  of  12.5  fil.  Antibody  N-19 
(Santa  Cruz  Biotechnology  Inc.),  recognizing  an  amino-terminal  epitope  map¬ 
ping  to  within  residues  2  to  20,  was  used  against  p53.  Pab  108,  recognizing  an 
amino-terminal  epitope  mapping  to  within  residues  1  to  82,  was  used  against  T 
antigen.  Reaction  mixtures  were  incubated  for  30  min  at  30°C  and  then  analyzed 
on  a  3%  polyacrylamide  gel  containing  0.5  X  TBE  (0.045  mM  Tris-borate,  0.045 
mM  sodium  borate,  0.001  mM  EDTA  [pH  8.0]).  Electrophoresis  was  carried  out 
in  0.5  X  TBE.  The  gel  was  dried,  and  DNA-protein  complexes  were  visualized 
with  a  Phosphorlmager  using  Adobe  Photoshop  software.  Densitometry  was 
performed  with  ImageQuant  software. 

In  vitro  transcription.  Reactions  were  performed  as  described  previously  (26). 
Briefly,  70  pg  of  HeLa  cell  nuclear  extract  (7  mg  of  protein/ml)  and  150  ng  of  a 
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FIG.  1.  p53  immunopurified  from  SV40-transformed  cells  copurifies  with  T 
antigen.  (A)  Silver-stained  SDS -polyacrylamide  gel  of  the  p53-T  antigen  complex 
purified  from  four  SV40-transformed  cell  lines  derived  from  mouse  (SCID  and 
SV-T2),  human  (WI38  VA13),  and  monkey  (COS-7)  cells.  (B)  Western  blot  of 
the  p53-T  antigen  complex,  using  anti-T  antigen  antibody  Pab  108,  indicating 
that  two  forms  of  T  antigen  (regular  T  antigen  and  super  T)  are  present  in  the 
mouse  cell  lines. 


synthetic  target  promoter  containing  five  p53-responsive  sites  immediately  up¬ 
stream  of  the  adenovirus  E4  TATA  box  and  chloramphenicol  acetyltransferase 
(CAT)  reporter  gene  (5RGCE4CAT)  were  mixed  in  a  final  volume  of  50  pi  with 
60  mM  KCI,  12  mM  HEPES  (pH  7.9),  12%  glycerol,  6  mM  MgCl2,  0.4  mM 
ribonucleoside  triphosphates,  7  mM  p-mercaptoethanol,  p53,  and  T  antigen  as 
indicated  and  incubated  at  30°C  for  60  min.  Control  reactions  were  performed 
with  150  ng  of  synthetic  promoter  containing  five  GAL4-binding  sites  immedi¬ 
ately  upstream  of  the  adenovirus  E4  TATA  box  fused  to  CAT  (5GAL4E4CAT) 
(5)  in  the  presence  of  100  ng  of  bacterially  expressed  GAL4-VP16  protein. 
Reactions  were  stopped  by  the  addition  of  50  pi  of  stop  buffer  (2%  SDS,  200  mM 
NaCl,  20  mM  EDTA,  20  pg  of  tRNA  per  ml,  100  pg  of  proteinase  K  per  ml) 
followed  by  incubation  at  39°C  for  10  min.  After  phenol-chloroform  extraction, 
the  RNA  was  ethanol  precipitated.  Primer  extension  was  performed  by  resus¬ 
pending  the  RNA  pellet  in  10  pi  of  annealing  buffer  (125  mM  KCI,  25  mM 
Tris-HCl  [pH  8.3],  1,000  cpm  of  radiolabeled  primer)  and  incubating  it  at  70°C 
for  10  min  and  then  at  39°C  for  30  min.  Twenty-four  microliters  of  extension 
buffer  (5  mM  MgCl2,  50  mM  KCI,  20  mM  Tris  HCI  [pH  8.3],  0.3  mM  de- 
oxynucleoside  triphosphates,  10  mM  dithiothreitol,  10  U  of  Moloney  murine 
leukemia  virus  reverse  transcriptase)  was  then  added,  and  the  mixture  was 
incubated  for  30  min  at  39°C.  The  reaction  was  stopped  by  the  addition  of  35  pi 
of  stop  buffer;  primer  extension  products  were  ethanol  precipitated  and  resus¬ 
pended  in  4  pi  of  formamide  sequencing  dye  prior  to  electrophoresis  on  a  10% 
acrylamide-urea  gel.  The  gel  was  dried,  and  primer  extension  products  were 
visualized  with  a  Phosphorlmager  using  Adobe  Photoshop  software.  Densitom¬ 
etry  was  performed  with  ImageQuant  software. 

RESULTS 

p53-T  antigen  complex  can  specifically  bind  to  DNA.  To 

define  how  T  antigen  inhibits  p53-mediated  transcription,  p53 
was  purified  from  nuclear  extracts  prepared  from  two  mouse 
(SCID  and  SVT2),  one  monkey  (COS-7),  and  one  human 
(WI38  VA13)  cell  line,  all  of  which  are  stably  transformed  with 
SV40,  using  anti-p53  antibody  Pab  421  (Fig.  1A).  From  the 
mouse  cell  lines,  two  proteins  with  apparent  molecular  masses 
of  90  and  100  kDa  copurified  with  p53;  from  the  human  and 
monkey  cell  lines,  only  one  protein  of  90  kDa  was  copurified. 
All  of  the  copurified  proteins  were  identified  as  SV40  T  anti¬ 
gen  by  Western  blot  analysis  using  anti-T- antigen  antibody  Pab 
108  (Fig.  IB).  From  the  SCID  mouse  cell  line,  the  100-kDa  T 
antigen  copurified  in  stoichiometric  amounts  with  the  90-kDa 
form;  from  the  SV-T2  mouse  cell  line,  the  100-kDa  protein  was 
the  major  form  of  purified  T  antigen.  Two  lines  of  evidence 
suggest  that  the  100-kDa  protein  is  a  previously  identified  form 
of  super  T.  First,  the  identification  of  this  band  as  T  antigen 
was  further  confirmed  by  sequence  analysis  of  peptides  result¬ 
ing  from  the  digestion  of  this  protein  (data  not  shown).  Sec¬ 
ond,  a  form  of  super  T  with  the  same  molecular  mass  as  the 
100-kDa  T  antigen  that  we  observed  has  been  identified  in 
SV-T2  cells  (40). 
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FIG.  2.  p53  copurified  with  T  antigen  can  bind  to  a  DNA  probe  in  EMSA.  (A)  A  200-pg  aliquot  of  radiolabeled  probe  containing  the  p53-binding  site  from  RGC 
was  incubated  with  approximately  50  ng  of  vhp53  purified  from  HeLa  cells  or  50  ng  of  each  of  the  protein  samples  shown  in  Fig.  1 A  and  100  ng  of  antibody  as  indicated 
for  30  min  at  3CFC  prior  to  electrophoresis  on  a  3%  polyacrylamide  gel.  Arrows  indicate  positions  of  retarded  complexes:  1,  DNA-p53;  2,  DNA-p53-N19  (ap53);  3, 
DNA-p53-T  antigen;  4,  DNA-p53-T  antigen-N19  or  Pab  108  (aT  antigen).  (B)  Like  panel  A  but  with  a  probe  containing  the  p53-binding  site  identified  in  the  p21 
promoter.  The  gels  shown  in  panels  A  and  B  were  subjected  to  electrophoresis  for  3  and  4  h,  respectively,  which  accounts  for  the  more  advanced  migration  of  the  bands 
in  panel  B.  (C)  Like  panel  A  but  with  increasing  amounts  (50  and  100  ng)  or  equivalent  volumes  of  p53-T  antigen  complex  purified  from  COS-7  cells  with  Pab  421 
either  before  (lanes  1  and  2)  or  after  one  (lanes  3  and  4)  or  two  (lanes  5  and  6)  rounds  of  immunodepletion  with  anti-T-antigen  antibody  Pab  108. 


As  stated  above,  T  antigen  interacts  with  p53  and  is  thought 
to  inhibit  its  binding  to  DNA.  Therefore,  when  the  p53  samples 
shown  in  Fig.  1 A  were  used  in  EMSA  with  a  probe  containing 
the  p53  cis  element  identified  in  the  RGC,  the  results  were 
unexpected  (Fig.  2A).  Vaccinia  virus-expressed  human  p53 
(vhp53)  purified  from  HeLa  cells  was  used  as  a  T-antigen- 
minus  control.  It  produced  a  retarded  p53-DNA  complex  (lane 
2)  which  was  supershifted  by  the  addition  of  anti-p53  antibody 
(lane  3).  p53  purified  from  the  monkey  cell  line  COS-7  and  the 
human  cell  line  WI38  VA13  formed  complexes  similar  in  mo¬ 
bility  to  those  formed  by  vhp53  (compare  lane  2  to  lanes  7  and 
13).  These  complexes  could  be  supershifted  by  the  addition  of 
anti-p53  antibody  but  not  by  the  addition  of  anti-T-antigen 
antibody  (cf.  lanes  8,  9,  14,  and  15).  Western  blot  analysis  was 
performed  to  ensure  that  equivalent  amounts  of  p53  were 
present  in  all  samples  (data  not  shown).  This  result  suggested 
that  although  p53  was  purified  in  a  complex  with  T  antigen,  it 
could  bind  DNA  and  that  when  bound  to  DNA,  the  p53  was  no 
longer  complexed  with  T  antigen.  p53  purified  from  the  mouse 
cell  lines  SCID  and  SVT2,  however,  formed  a  complex  with  the 
DNA  probe  that  migrated  more  slowly  than  the  control  p53- 
DNA  complex  (compare  lane  2  to  lanes  4  and  10).  The  addi¬ 
tion  of  both  anti-p53  antibody  and  anti-T-antigen  antibody 
supershifted  this  complex  (lanes  5,  6,  11,  and  12),  suggesting 
that  the  mouse  p53-T  antigen  complex  remained  intact  during 
the  gel  electrophoresis.  This  result  indicated  that  the  DNA- 
binding  ability  of  mouse  p53  was  also  unaffected  by  T  antigen, 
but  when  purified  from  mouse  cells,  the  p53-T  antigen  complex 
remained  intact  when  bound  to  DNA. 

To  determine  if  these  results  were  peculiar  to  the  cis  element 
identified  in  the  RGC,  further  EMSA  was  performed  with  a 
probe  containing  the  p53  element  identified  in  the  p21  pro¬ 
moter.  Similar  results  were  obtained  (Fig.  2B),  again  demon¬ 
strating  that  p53-T  antigen  complexes  purified  from  the  mouse 
cell  lines  SCID  and  SV-T2  can  bind  DNA  in  the  presence  of  T 
antigen  (lanes  2,  3,  6,  and  7)  while  those  purified  from  the 
monkey  and  human  cell  lines  bind  DNA  in  the  absence  of  T 


antigen  (lanes  4, 5, 8,  and  9).  It  was  possible  that  excess  p53  not 
bound  to  T  antigen  present  in  the  p53-T  antigen  preparation 
from  the  human  and  monkey  cell  lines  was  responsible  for  the 
p53-DNA  shift  observed  in  EMSA,  even  though  visualization 
by  silver  staining  indicated  that  the  ratio  of  p53  to  T  antigen 
was  approximately  1:1  (Fig.  1A).  To  test  this  possibility,  Pab 
421-purified  p53-T  antigen  complex  from  COS-7  cells  was  im- 
munodepleted  with  anti-T-antigen  antibody.  Analysis  by  SDS- 
PAGE  followed  by  silver  staining  indicated  that  immunodeple¬ 
tion  resulted  in  the  equal  loss  of  both  p53  and  T  antigen  from 
the  sample  (data  not  shown).  Importantly,  EMSA  revealed  no 
DNA  binding  with  the  twice-immunodepleted  sample  (Fig.  2C; 
compare  lanes  1  and  2  to  lanes  5  and  6).  This  result  strongly 
argues  that  the  p53  DNA  binding  observed  was  not  due  to  the 
presence  of  excess  unbound  p53.  Taken  together,  these  results 
suggest  the  existence  of  alternative  mechanisms  for  the  inhibi¬ 
tion  of  p53-dependent  transcription  by  T  antigen.  In  addition, 
they  suggest  that  the  mechanism  for  inhibition  of  p53  may 
differ  between  mouse  cells  and  human  and  monkey  cells. 

The  p53-T  antigen  complex  purified  from  mouse  cells  is 
transcriptionally  inactive.  We  next  wanted  to  determine 
whether  the  mouse  p53-T  antigen  complex,  which  could  bind 
to  DNA,  could  also  support  p53-dependent  transcription.  The 
complex  was  immunopurified  from  SCID  cells;  as  a  control, 
SCID  p53  was  also  purified  in  the  presence  of  2  M  urea  in 
order  to  dissociate  T  antigen.  The  resulting  p53  samples  are 
shown  in  Fig.  3A.  When  tested  by  EMSA,  the  p53-T  antigen 
complex  resulted  in  the  slowly  migrating  band  in  which  both 
p53  and  T  antigen  were  present  (Fig.  3B,  lanes  4  to  8).  In 
contrast,  the  p53  protein  purified  in  the  presence  of  2  M  urea 
produced  a  retarded  complex  that  was  similar  in  mobility  to 
that  produced  by  the  control  vhp53  (compare  lanes  9  to  12  to 
lanes  2  and  3)  and  did  not  react  with  the  anti-T-antigen  anti¬ 
body  Pab  108  (lane  13). 

The  ability  of  these  p53  samples  to  stimulate  transcription 
was  next  tested  in  an  in  vitro  transcription  assay  as  described 
previously  (26).  Unfractionated  HeLa  cell  nuclear  extract  and 
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FIG.  3.  Mouse  p53  binds  to  DNA  as  a  complex  with  T  antigen  in  EMSA.  (A) 
Silver-stained  SDS-polyacrylamide  gel  of  p53  purified  from  SCID  cells  with  (+ 
T)  or  without  (-  T)  T  antigen.  p53  was  purified  in  the  absence  of  T  antigen  by 
washing  the  p53-T  antigen  complex  when  bound  to  Pab  421  antibody  linked  to 
protein  A-Sepharose  beads  with  a  2  M  urea  solution.  Sizes  are  indicated  in 
kilodaltons.  (B)  Approximately  50  ng  of  vhp53  or  increasing  amounts  (25, 50,  and 
75  ng)  of  the  proteins  used  for  panel  A  were  incubated  for  30  min  at  30°C  with 
200  pg  of  radiolabeled  probe  containing  the  p53-binding  site  from  RGC  with  100 
ng  of  antibody  as  indicated  prior  to  electrophoresis  on  a  3%  polyacrylamide  gel. 
Arrows  indicate  positions  of  retarded  complexes:  1,  DNA-p53;  2,  DNA-p53-N19 
(ap53);  3,  DNA-p53-T  antigen;  4,  DNA-p53-T  antigen-N19  (ap53)  or  Pab  108 
(aT  antigen). 


a  promoter  template  containing  five  p53  DNA-binding  sites 
positioned  immediately  upstream  of  the  adenovirus  E4  TATA 
box  (Fig.  4A)  were  incubated  in  the  absence  and  presence  of 
increasing  amounts  of  p53.  In  the  absence  of  exogenously 
added  p53,  the  nuclear  extract  supported  a  low  level  of  basal 
transcription  (Fig.  4B,  lane  1).  The  addition  of  vhp53  resulted 
in  a  threefold  stimulation  of  transcription  above  this  basal  level 
(lane  6).  By  comparison  to  the  control  vhp53,  addition  of  the 
mouse  p53-T  antigen  complex  isolated  from  SCID  cells  did  not 
enhance  transcription  over  basal  levels  (compare  lane  6  to 
lanes  2  and  3)  even  though  it  bound  DNA  in  EMSA.  When  the 
T-antigen  proteins  were  removed,  however,  mouse  p53  acti¬ 
vated  transcription  2.6-fold  over  basal  levels  (compare  lane  1 
to  lanes  4  and  5).  This  indicates  that  loss  of  p53  activity  was  due 
to  inhibition  by  T  antigen  and  that  the  p53  was  fully  active  on 
its  own.  These  results  were  reproducible  and  therefore  strongly 
suggest  that  in  mouse  cells,  T  antigen  may  inhibit  p53-depen- 
dent  transcription  by  blocking  the  transactivation  domain  of 
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FIG.  4.  Mouse  p53-T  antigen  complex  is  transcriptionally  inactive,  while  hu¬ 
man  p53-T  antigen  complex  retains  activity.  (A)  Schematic  diagram  of  template 
DNA  used  in  in  vitro  transcription  reactions.  (B)  In  vitro  transcription  reaction 
using  HeLa  nuclear  extract  (lane  1)  with  increasing  amounts  (300  and  600  ng)  of 
SCID  p53  purified  with  (lanes  2  and  3)  or  without  (lanes  4  and  5)  T  antigen. 
vhp53  (200  ng)  was  used  as  a  positive  control  (lane  6).  Transcription  (txn) 
products  were  subjected  to  electrophoresis  on  a  10%  acrylamide-urea  gel  and 
visualized  with  a  Phospholmager  using  Adobe  Photoshop  software.  (C)  Like 
panel  B  but  with  increasing  amounts  (250,  500,  and  750  ng)  of  COS-7  p53-T 
antigen  complex  (lanes  2  to  4).  (D)  Like  panel  B  but  with  100  ng  of  vhp53  (lanes 
2  to  4  and  6)  and  increasing  amounts  (100  [lanes  3  and  7]  and  400  [lanes  4  and 
8]  ng)  of  baculovirus-expressed  T  antigen  (Bad.  T).  In  lanes  9  to  12,  in  vitro 
transcription  was  performed  with  a  promoter  similar  to  that  used  for  panel  A  but 
with  the  RGC  elements  replaced  with  GAL4-binding  sites.  GAIA- VP  16  (100  ng) 
was  added  to  activate  transcription  (lanes  10  to  12)  in  the  presence  of  increasing 
amounts  (100  and  400  ng)  of  baculovirus-expressed  T  antigen  (lanes  11  and  12). 


p53  and  not  by  preventing  it  from  binding  to  its  cognate  cis 
element. 

Interestingly,  COS-7  p53,  which  also  purified  in  a  complex 
with  T  antigen  (Fig.  1)  but  bound  DNA  independently  of  T 
antigen  (Fig.  2),  retained  the  ability  to  activate  p53-dependent 
transcription  2.8-fold  over  basal  levels  (Fig.  4C;  compare  lane 
1  to  lanes  2  to  4).  This  surprising  result  suggests  that  in  monkey 
cells,  T  antigen  may  not  necessarily  inhibit  p53  function  despite 
its  association  with  p53.  T  antigen  can  itself  function  as  an 
activator  of  transcription  from  a  simple  promoter  consisting  of 
certain  TATA  elements  and  one  upstream  transcription  factor¬ 
binding  site  (13,  33).  Therefore,  we  performed  assays  in  the 
presence  of  baculovirus-expressed  purified  T  antigen  to  deter¬ 
mine  if  T  antigen  alone  could  activate  transcription  in  this 
system  (Fig.  4D),  p53-dependent  transcription  was  inhibited 
when  a  fourfold  excess  of  baculovirus-expressed  T  antigen  was 
added  to  vhp53  (cf.  lanes  2  and  4).  The  effect  of  T  antigen  on 
basal  transcription  was  tested  in  assays  using  the  amount  of 
baculovirus  T  antigen  sufficient  to  inhibit  p53-dependent  tran¬ 
scription.  Transcription  was  not  affected  by  the  addition  of  T 
antigen  alone  (cf.  lanes  7  and  8),  suggesting  that  the  transcrip¬ 
tion  observed  in  Fig.  3C  is  p53  dependent  and  not  T  antigen 
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FIG.  5.  Both  mouse  p53  and  mouse  T/super  T  contribute  to  the  formation  of  a  p53-T  antigen  complex  that  can  bind  to  DNA.  (A)  Silver-stained  SDS-polyacrylamide 
gel  of  baculovirus-expressed  T  antigen  purified  with  anti-T-antigen  antibody  Pab  108  from  SF21  insect  cells  (Bad.  T)  and  T  antigen  purified  from  stably  transformed 
mouse  SCID  cells  in  the  absence  of  p53  as  described  in  Materials  and  Methods  (SCID  T).  Sizes  are  indicated  in  kilodaltons.  (B)  Approximately  50  ng  of  vhp53  or  100 
ng  of  SCID  p53  (no  T  antigen  present;  mp53)  was  incubated  for  30  min  at  30°C  with  200  pg  of  radiolabeled  probe  containing  the  p53  binding  site  from  RGC,  50  ng 
of  T  antigen  purified  from  SCID  cells,  and  100  ng  of  antibody  (aT)  as  indicated  prior  to  electrophoresis  on  a  3%  polyacrylamide  gel.  DNA-protein  complexes  were 
visualized  with  a  Phospholmager  using  Adobe  Photoshop  software.  Arrows  indicate  positions  of  retarded  complexes:  1,  DNA-p53;  2,  DNA-p53-T  antigen.  (C)  Like 
panel  B  but  with  100  ng  of  SCID  p53-T  antigen  complex  (lane  2),  100  ng  of  vhp53,  or  100  ng  of  SCID  p53  (no  T  antigen  present;  mp53)  incubated  with  50  or  100  ng 
of  baculovirus-expressed  T  antigen  as  indicated.  Arrows  indicate  positions  of  retarded  complexes:  1,  DNA-p53;  2,  DNA-p53-T  antigen. 


dependent.  Finally,  the  effect  of  T  antigen  on  activated  tran¬ 
scription  driven  by  bacterially  expressed  GAL4-VP16  was  also 
tested  in  assays  using  template  DNA  containing  five  upstream 
GAL4-binding  sites  fused  to  the  adenovirus  TATA  box.  The 
addition  of  GAL4-VP16  to  these  reactions  resulted  in  a  12-fold 
increase  in  transcription  levels.  This  transactivation  was  mini¬ 
mally  affected  by  the  addition  of  baculovirus  T  antigen  (com¬ 
pare  lane  10  to  lanes  11  and  12).  Therefore,  unbound  T  antigen 
does  not  affect  transcription  in  these  assays. 

DNA  binding  by  a  p53-T  antigen  complex  is  species  depen¬ 
dent.  Next  we  wanted  to  determine  what  contributed  to  the 
different  activities  of  the  p53-T  antigen  complexes  purified 
from  either  the  mouse  or  the  human  and  monkey  cell  lines. 
The  difference  may  depend  on  the  p53  present  in  these  cell 
lines.  At  the  amino  acid  level,  monkey  p53  is  96%  identical  to 
human  p53,  while  mouse  p53  is  only  79%  identical  to  human 
p53.  Therefore,  differences  at  the  amino  acid  level  or  in  protein 
modification  may  account  for  distinct  interactions  of  mouse 
and  human  or  monkey  p53  with  T  antigen,  with  subsequent 
effects  on  p53-T  antigen  complex  activity.  Alternatively,  the 
difference  may  be  due  to  the  presence  of  super  T  in  the  mouse 
cell  lines  but  not  in  the  human  and  monkey  cell  lines. 

To  address  this  issue,  we  performed  EMSA  with  vhp53  and 
mouse  p53  purified  from  SCID  cells  in  the  absence  of  T  anti¬ 
gen.  These  samples  were  incubated  with  either  a  baculovirus- 
expressed  T  antigen  (a  90-kDa  protein)  or  T  antigen  purified 
from  mouse  SCID  cells  (90-  and  100-kDa  proteins  [Fig.  5A]). 
Ideally,  a  preparation  of  the  100-kDa  form  of  super  T  alone 
would  have  been  used  in  these  experiments,  but  to  our  knowl¬ 
edge  no  clone  that  only  makes  super  T  is  available.  Results  are 
shown  in  Fig.  5B  and  C.  The  addition  of  T  antigen/super  T 
purified  from  SCID  cells  to  mouse  p53  resulted  in  the  gener¬ 
ation  of  a  supershifted  complex  (Fig.  5B,  lane  6).  This  complex 
was  abolished  by  the  addition  of  anti-T-antigen  antibody  (lane 
7).  T  antigen/super  T  alone  did  not  bind  to  DNA  (lane  8).  The 
addition  of  the  same  amount  of  T  antigen/super  T  to  human 
p53  also  resulted  in  the  generation  of  a  supershifted  complex 
(lane  3).  However,  we  consistently  observed  that  less  human 
p53  than  mouse  p53  was  supershifted  under  these  conditions 


(cf.  lanes  3  and  6),  suggesting  that  T  antigen/super  T  can  form 
a  DNA-binding  complex  more  efficiently  with  mouse  p53  than 
with  human  p53. 

When  baculovirus  T  antigen  was  used  in  these  experiments, 
a  supershifted  complex  was  formed  only  with  mouse  p53  (Fig. 
5C;  compare  lane  6  to  lanes  7  and  8).  Two  slowly  migrating 
complexes,  possibly  due  to  incomplete  renaturation  of  the 
mouse  p53  after  the  harsh  conditions  of  the  purification  pro¬ 
cedure,  were  observed.  The  slower-migrating  complex  mi¬ 
grated  at  a  position  similar  to  that  of  the  complex  formed  by 
the  mouse  p53-T  antigen  complex  immunopurified  from  the 
SCID  cell  line  (lane  2),  and  addition  of  both  anti-p53  antibody 
and  anti-T-antigen  antibody  supershifted  this  slower-migrating 
complex  (data  not  shown).  In  comparison  to  mouse  p53,  DNA 
binding  of  human  p53  was  inhibited  by  baculovirus  T  antigen 
(compare  lane  3  to  lanes  4  and  5  [1.4-  and  1.9-fold  reduction  in 
binding,  respectively]).  Baculovirus  T  antigen  alone  did  not 
bind  specifically  to  DNA  (lane  9).  Therefore,  in  these  in  vitro 
assays,  the  DNA-binding  ability  of  human  p53  was  inhibited  by 
the  addition  of  baculovirus-expressed  T  antigen,  in  accordance 
with  previous  observations  (1).  This  result  concurs  with  the 
data  from  in  vitro  transcription  assays  using  vhp53,  where 
transcription  was  inhibited  by  the  addition  of  baculovirus-ex¬ 
pressed  T  antigen  (Fig.  4D,  lanes  2  to  4).  The  fact  that  tran¬ 
scription  and  DNA  binding  are  observed  with  p53-T  antigen 
complex  purified  from  COS-7  monkey  cells  suggests  that  there 
may  be  an  important  difference  between  this  in  vivo  complex 
and  that  prepared  in  vitro  by  using  virally  expressed  proteins. 
In  addition,  the  molar  ratio  of  T  antigen  to  p53  may  be  higher 
in  the  in  vitro  complex,  therefore  affecting  its  activity. 

The  EMSA  results  presented  in  Fig.  5  suggest  that  mouse 
p53  is  different  from  human  p53  in  its  ability  to  interact  with  T 
antigen.  Indeed,  this  difference  was  also  noted  when  we  at¬ 
tempted  to  purify  p53-T  antigen  complex  from  monkey  and 
mouse  cells  by  using  anti-T-antigen  antibody.  The  complex 
remained  intact  when  purified  under  stringent  conditions  from 
the  SCID  mouse  cell  line  but  dissociated  when  purified  from 
the  monkey  COS-7  cell  line  (data  not  shown),  suggesting  that 
T  antigen  binds  strongly  to  mouse  p53  and  wealdy  to  human 
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FIG  6.  Purification  of  p53-T  antigen  complex  by  Pab  421  is  required  for  DNA-bindmg  ability.  (A)  Silver-stained  SDS-polyaciylamide  gel  of  p53-T  antigen  co  p 
purified  from  mouse  SCID  cells  by  using  Pab  108  (anti-T  antigen)  or  Pab  421  (anti-p53).  Sizes  are  indicated  in  kilodaltons.  (B)  vhp53  (50  ng),  increasing  amounts  (20, 
40  and  60  ng)  of  Pab  421-purified  SCID  p53-T  antigen  complex,  or  increasing  amounts  (50,  75,  and  100  ng)  of  Pab  108-punfied  complex  were  incubated  for  30  min 
at  30°C  with  200  pg  of  radiolabeled  probe  containing  the  p53-binding  site  from  RGC  prior  to  electrophoresis  on  a  3%  polyacrylamide  gel.  Arrows  indicate  positions 
of  retarded  complexes:  1,  DNA-p53;P2,  DNA-p53-Tantigen.  (Q  Like  panel  B  but  with  50  ng  of  vhP53  100  ng  of  Pab  108-purifiec 5  SC IE >^T  or 

50  ng  of  Pab  421-purified  complex  as  indicated.  In  lanes  4  and  5,  Pab  108-purified  complex  (108  comp)  was  preincubated  for  20  mm  at  4  C  with  5  ^g  of  Pab  421  or 
5  pg  of  antibody  12CA5  in  0.1  M  D  buffer,  as  indicated. 


p53.  Therefore,  mouse  p53,  in  addition  to  mouse  T/super  T, 
may  contribute  to  the  formation  of  a  DNA-binding  p53-T 
antigen  complex. 

An  active  conformation  of  p53  is  required  for  p53-T  antigen 
complex  DNA  binding.  Wild-type  p53  can  be  converted  from 
an  inactive  or  latent  state  to  an  active  state  that  binds  DNA 
(17).  The  latent  state  is  thought  to  be  dependent  on  a  C- 
terminal  negative  regulatory  domain  within  p53  that  is  pro¬ 
posed  to  interact  with  a  motif  in  the  core  of  the  p53  tetramer, 
thereby  forming  a  conformationally  inactive  complex  (18).  A 
number  of  conditions  that  modify  the  C  terminus  of  p53  which 
convert  p53  from  a  latent  to  an  active  state  have  been  de¬ 
scribed.  These  include  anti-p53  antibody  Pab  421  (17,  18), 
phosphorylation  (16,  17),  acetylation  (14),  short  single  strands 
of  DNA  (19),  and  the  redox/repair  protein  Ref-1  (20).  The 
biological  relevance  of  this  model  of  activation  is  demonstrated 
by  the  fact  that  UV-induced  activation  of  the  transcriptional 
function  of  p53  does  not  require  an  increase  in  p53  protein 
levels  (18). 

The  p53-T  antigen  complexes  used  in  the  previous  experi¬ 
ments  were  purified  by  using  Pab  421  antibody.  This  antibody 
recognizes  an  epitope  in  the  C  terminus  of  p53  and  is  thought 
to  convert  p53  from  its  latent  to  its  active  state,  thereby  signif¬ 
icantly  increasing  its  DNA-binding  activity  (18,  31).  Conse¬ 
quently,  we  wanted  to  determine  if  this  method  of  purification 
affected  the  DNA-binding  ability  of  the  complex.  First,  the 
mouse  p53-T  antigen  complexes  eluted  from  Pab  421  beads  by 
using  a  50%  EG  solution  and  421  peptide  were  compared.  In 
both  cases,  similar  binding  affinities  were  observed  in  EMSA 
(data  not  shown),  indicating  that  binding  was  not  dependent 
on  the  presence  of  421  peptide.  Next,  we  attempted  to  purify 
the  complex  by  using  p53-specific  antibodies  D0-1  and  Pab 
1801  (Santa  Cruz),  both  of  which  recognize  amino-terminus 
epitopes  in  human  p53.  However,  in  each  case  control  exper¬ 


iments  indicated  that  the  stringent  conditions  required  to  elute 
p53  from  these  antibodies  resulted  in  DNA-binding-deficient 
protein.  Therefore,  the  complex  was  purified  by  using  anti-T- 
antigen  antibody  Pab  108,  which  is  not  known  to  activate  p53, 
and  eluted  with  50%  EG  solution,  which  does  not  affect  the 
DNA-binding  ability  of  p53  (36a).  This  method  of  purification 
resulted  in  a  complex  similar  to  that  purified  with  Pab  421 
when  analyzed  by  SDS-PAGE  followed  by  silver  staining  (Fig. 
6A).  However,  the  complex  purified  with  Pab  108  had  a  sig¬ 
nificantly  reduced  affinity  for  DNA  compared  to  that  purified 
with  Pab  421  (Fig.  6B;  compare  lanes  2  to  4  to  lanes  5  to  7), 
suggesting  that  an  active  conformation  of  p53  may  be  required 
for  p53-T  antigen  complex  DNA-binding  ability.  To  test  if  this 
was  the  case,  we  incubated  the  Pab  108-purified  complex  with 
Pab  421  prior  to  EMSA  and  then  observed  DNA  binding  (Fig. 
6C;  cf.  lanes  3  and  4).  The  resulting  shifted  band  migrated 
parallel  with  that  produced  by  the  Pab  421-purified  complex 
(cf.  lanes  4  and  6)  and  could  be  supershifted  by  the  addition  of 
anti-p53  and  anti-T-antigen  antibodies  (data  not  shown).  The 
activation  of  binding  was  not  observed  following  incubation 
with  an  unrelated  antibody  (lane  5)  or  with  bovine  serum 
albumin  (data  not  shown).  These  results  strongly  argue  that 
the  DNA-binding  ability  of  the  complex  is  dependent  on  the 
active  conformation  of  p53. 

DISCUSSION 

In  this  paper  we  present  biochemical  evidence  that  p53  iso¬ 
lated  in  a  complex  with  T  antigen  can  bind  to  DNA,  provided 
that  p53  is  in  an  active  conformation.  We  also  demonstrate 
that  p53  exhibits  species-specific  interactions  with  T  antigen.  In 
vitro,  T  antigen  apparently  dissociates  from  human  p53  in  the 
presence  of  DNA,  resulting  in  a  transcriptionally  active  form  of 
p53  bound  to  DNA.  In  contrast,  mouse  p53  binds  DNA  in  a 
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complex  with  T  antigen,  resulting  in  transcriptionally  inactive 
p53.  Our  results  indicate  that  this  difference  may  be  attribut¬ 
able  to  a  difference  between  mouse  and  human  p53  and,  in 
addition,  possibly  to  the  presence  of  super  T  in  the  mouse  cell 
lines.  On  the  basis  of  our  results,  we  conclude  that  T  antigen, 
under  certain  conditions,  may  repress  p53-dependent  tran¬ 
scription  by  a  mechanism  in  which  the  transactivation  domain 
of  p53  is  inhibited  while  DNA  binding  is  unaffected.  This 
mechanism  is  different  from  the  previous  proposed  mechanism 
in  which  T  antigen  inhibits  p53  by  preventing  it  from  binding 
DNA  (1,  36).  Therefore,  similar  to  the  inhibition  of  p53  by 
MDM2,  it  seems  that  T  antigen  may  inhibit  p53  by  more  than 
one  mechanism. 

Long  et  al.  (27)  have  shown,  using  nuclear  extracts  in 
EMSA,  that  a  small  fraction  of  p53  from  SV40-transformed 
monkey  and  rat  cells  specifically  binds  to  DNA  as  a  complex 
with  T  antigen.  Our  results,  however,  differ  from  theirs  in  that 
we  observe  significant  DNA  binding  by  p53-T  antigen  complex 
purified  from  mouse  cells.  The  reason  for  this  discrepancy  may 
be  that  we  used  purified  p53  activated  by  Pab  421  antibody  as 
opposed  to  crude  nuclear  extracts.  However,  we  did  not  ob¬ 
serve  DNA  binding  by  p53-T  antigen  complex  when  using 
crude  nuclear  extracts  in  EMSA,  either  in  the  presence  or  in 
the  absence  of  Pab  421  (data  not  shown).  This  may  have  been 
because  the  concentration  of  p53  in  the  crude  extract  was  too 
low  for  Pab  421  activation  to  occur  or  for  DNA  binding  to  be 
observed. 

The  observation  that  the  transactivation  domain  of  mouse 
p53  may  be  inhibited  by  T  antigen  while  DNA  binding  is 
unaffected  has  several  implications.  First,  the  surface  of  p53 
required  for  DNA  binding  must  be  accessible  in  the  mouse 
p53-T  antigen  complex.  The  region  of  p53  that  is  required  for 
T-antigen  binding  has  been  mapped  to  residues  126  to  218,  a 
region  within  the  core  domain  required  for  DNA  binding  (34). 
However,  resolution  of  the  crystal  structure  of  a  human  p53 
core  domain-DNA  complex  has  localized  the  region  of  p53 
directly  contacted  by  DNA  to  three  structural  elements  which 
include  the  H2  helix  (amino  acids  [aa]  278  to  286),  the  LI  loop 
(aa  112  to  124),  and  the  L3  loop  (aa  236  to  251)  (7).  None  of 
these  elements  overlap  with  the  region  required  by  p53  to 
interact  with  T  antigen.  Therefore,  it  is  possible  that  p53  can 
concurrently  form  a  complex  with  T  antigen  and  bind  DNA. 
Second,  interaction  of  T  antigen  with  the  DNA-binding  do¬ 
main  of  p53  must  either  alter  or  block  the  activation  domain  of 
p53.  Thus,  it  appears  that  the  alteration  of  one  domain  on  p53 
may  affect  the  function  of  the  others. 

Our  results  suggest  that  T  antigen  can  form  a  transcription¬ 
ally  inactive  DNA-binding  complex  with  mouse  p53.  The  ade¬ 
novirus  E1B  55K  protein  also  forms  an  inhibitory  complex  with 
p53  without  displacing  p53  from  its  cognate  cis  element  (41). 
p53-mediated  transcription  is  prevented  because  E1B  55K  is  a 
repressor  of  transcription  which,  via  its  interaction  with  p53,  is 
targeted  to  p53-responsive  genes.  The  mechanism  of  repres¬ 
sion  adopted  by  T  antigen,  however,  is  unlikely  to  be  identical 
to  that  adopted  by  E1B  55K,  as  T  antigen  can  function  as  a 
transcriptional  activator  (13,  33).  T  antigen  is  thought  to  acti¬ 
vate  transcription  through  direct  interactions  with  both  the 
basal  transcription  complex  and  upstream-bound  transcription 
factors  and  may  act  like  a  component  of  TFIID  by  augmenting, 
or  replacing,  a  function  of  TAFn250  (9).  Additionally,  T  anti¬ 
gen  has  been  shown  to  enhance  formation  of  TATA-binding 
protein-TFIIA  complex  on  certain  TATA  elements  (10).  The 
fact  that  T  antigen  does  not  activate  transcription  when  teth¬ 
ered  to  promoter  DNA  by  p53  indicates  that  its  activation 
function,  as  previously  suggested  (42),  may  be  conformation 
dependent  and  that  binding  to  p53  may  alter  its  conformation. 
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FIG.  7.  Proposed  model  of  p53  inhibition  by  T  antigen  in  mouse  (m)  and 
human  (h)  cells. 


Consistent  with  this  view,  GAL4-T  antigen  fusion  protein  has 
been  shown  to  be  transcriptionally  inactive  when  brought  to  a 
target  promoter  bearing  GALA  DNA-binding  sites  (13).  When 
bound  as  a  complex  with  p53  to  DNA,  T  antigen  may  inhibit 
p53-dependent  transcription  by  steric  hindrance  of  the  activa¬ 
tion  domain  of  p53  or  by  deleteriously  affecting  the  assembly  or 
conformation  of  the  basal  transcription  machinery.  In  addition, 
T  antigen  may  interfere  with  the  interaction  of  p53  with  coac¬ 
tivators  of  transcription  such  as  p300  (14). 

Mouse  cells  are  more  readily  transformed  with  SV40  than 
are  human  cells.  Using  the  data  presented  in  this  paper,  we 
propose  a  model  which  may  explain  the  molecular  mechanism 
of  this  difference  (Fig.  7).  In  mouse  cell  lines,  latent  p53  and  T 
antigen/super  T  form  a  complex  that  cannot  bind  DNA.  Upon 
activation  of  p53,  a  conformational  change  in  p53  may  alter  the 
p53-T  antigen-super  T  complex  such  that  DNA  binding  occurs. 
p53-responsive  promoters  would  therefore  be  blocked  by  the 
transcriptionally  inactive  complex,  and  the  tumor  suppressor 
function  of  p53  would  be  reduced  or  lost.  In  human  cell  lines, 
latent  p53  and  T  antigen  also  form  a  complex  that  is  unable  to 
bind  to  DNA.  Again,  upon  activation  of  p53,  a  conformational 
change  in  p53  may  alter  the  p53-T  antigen  complex  such  that 
DNA  binding  occurs.  However,  because  human  p53  appears  to 
bind  to  DNA  independently  of  T  antigen  and  to  retain  the 
ability  to  activate  transcription,  p53  function  would  not  be 
completely  lost.  Therefore,  p53  target  genes  that  are  required 
for  growth  arrest  and  apoptosis  would  be  activated  in  human 
cells  containing  T  antigen  and  an  active  form  of  p53.  This 
model  relies  on  the  fact  that  p53  must  adopt  an  active  confor¬ 
mation.  Significantly,  cellular  factors  that  may  activate  p53 
similarly  to  Pab  421  antibody,  including  protein  kinases  (16, 
17),  coactivator  p300  (14),  and  the  redox/repair  protein  Ref-1 
(20),  are  found  in  the  cells. 

It  is  tempting  to  speculate  that  our  model  may  also  explain 
why  SV40  is  known  to  cause  tumors  in  rodents  (3,  8)  but  has 
not  proven  to  do  so  in  humans.  Although  recently  this  virus  has 
been  linked  to  some  human  cancers,  a  cause-and-effect  rela¬ 
tionship  has  not  been  established  (4).  Finally,  it  will  be  of 
interest  to  determine  whether  the  differences  reported  here 
between  species-specific  forms  of  p53  are  also  applicable  to 
interactions  with  other  viral  and  cellular  proteins.  If  so,  such  a 
distinction  between  rodent  and  primate  p53  could  have  signif¬ 
icant  ramifications  for  the  use  of  rodent  models  of  transfor¬ 
mation. 
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